Louisiana State University

LSU Digital Commons
LSU Doctoral Dissertations

Graduate School

2013

Studying Mechanisms of Ionizing Radiation Resistance in
Bacteria: Evidence for Multiple Pathways
Kathiresan Selvam
Louisiana State University and Agricultural and Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_dissertations

Recommended Citation
Selvam, Kathiresan, "Studying Mechanisms of Ionizing Radiation Resistance in Bacteria: Evidence for
Multiple Pathways" (2013). LSU Doctoral Dissertations. 1322.
https://digitalcommons.lsu.edu/gradschool_dissertations/1322

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Doctoral Dissertations by an authorized graduate school editor of LSU
Digital Commons. For more information, please contactgradetd@lsu.edu.

STUDYING MECHANISMS OF IONIZING RADIATION RESISTANCE IN BACTERIA:
EVIDENCE FOR MULTIPLE PATHWAYS

A Dissertation
Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in
The Department of Biological Sciences

by
Kathiresan Selvam
D.V.M., Pondicherry University, 2005
M.S., IVRI, 2007
May 2013

ACKNOWLEDGEMENTS
It is always pleasure to remember and thank each person behind the success of each
person. I would like to express my heart-felt gratitude to my advisor, Dr. John R. Battista for his
worthy guidance, valuable suggestions and constant encouragement throughout my graduate
program. He has taught me to be a good researcher and teacher.
I like to thank my advisory committee members Dr. Gregg S. Pettis, Dr. Yong-Hwan
Lee, Dr. Huangen Ding and Susan C. Eades (Dean’s representative) for their insightful
suggestions and time spent on my various presentations. I am extremely thankful to our
collaborators at Joint Genome Institute, Walnut Creek, California, Dr. Len Pennacchio, Dr.
Wendy Schackwitz and Dr. Joel Martin for their help in sequencing the E. coli populations and
analyzing the sequencing results. I would also like to thank Dr. Bill Doerrler for providing me
with P1 lysates and guidance in P1 transduction. I also thank Dr. Scott Herke for his help in
QPCR. I would like to express my sincere thanks to our collaborator at University of WisconsinMadison, Dr. Michael M. Cox for providing me with few strains used in the experiment and
thoughtful ideas.
I would like thank colleagues especially Jana, Smitha, Kelley and Zelum for their help in
my research at times and for helpful discussions. Also I would like to thank numerous graduate
and undergraduate students who have helped me over various times especially Trent and Dieu.
My stay away from my home would not have been so pleasant without the companies of
my friends and their families, who were always there to encourage me, share my happiness and
depressions. On special note, I would also like to thank Mrs. Alice Battista for her friendly times
during my graduate program. Also my evergreen friends from India share a special place in my

ii

life and they were source for consistent encouragement and inspiration and I like to thank them
as well.
I would like to thank all in my family for their deep love and support throughout my
graduate program. I especially want to thank my wife, Smitha for her unwavering love. Thank
you for accompanying me during my hard times and constantly encouraging me. Finally, I am
blessed to spend time with my child, Kanishkha kutty who kept me greatly entertained always
especially during my final stages of doctoral program.
My heart felt wishes to all those well-wishers who directly or indirectly helped me to
complete the program. I thank the almighty for showering all the good fortunes on me and giving
many good hearts to surround me.

iii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS……………………………………………………………………….ii
LIST OF TABLES………………………………………………………………………………..vi
LIST OF FIGURES……………………………………………………………………………..viii
ABSTRACT……………………………………………………………………………………....ix
CHAPTER ONE: INTRODUCTION……………………………………………………………..1
1.1. Cellular Damage Caused by Ionizing Radiation ……………………………………..2
1.2. Factors Influencing Ionizing Radiation Resistance…………………………………...3
1.3. Evolution of Ionizing Radiation Resistance in Bacteria ……………………………...6
1.4. Mechanisms of Ionizing Radiation Resistance..……………………………………....7
1.5. Creating Ionizing Radiation Resistant Bacteria in the Laboratory ………………….14
1.6. The Objective of this Project………………………………………………………...24
CHAPTER TWO: TRACING THE EVOLUTIONARY TRAJECTORY OF MUTATIONS IN
AN EVOLVING POPULATION BY HIGH THROUGHPUT SEQUENCING ……………….26
2.1. Introduction………………………………………………………………………….26
2.2. Polymorphisms Detection by High Throughput Sequencing ……………………….27
2.3. The Reliability of Allele Frequency Determinations Obtained by High Throughput
Sequencing…………………………………………………………………………..29
CHAPTER THREE: DEFINING THE MECHANISMS OF IONIZING RADIATION
RESISTANCE IN LINEAGE IR-1: USING ULTRA DEEP SEQUENCING TO IDENTIFY
THE GENETIC MODIFICATIONS RESPONSIBLE FOR THE INCREASED
RADIOTOLERANCE OF CB1013, CB1014, CB1015, AND CB1025…………………….......33
3.1. Introduction………………………………………………………………………….33
3.2. Identifying the Subset of Mutations that could be contributing to the Ionizing
Radiation Resistance of Isolate CB1014…………………………………………….34
3.3. Comparing the Genotype of CB1014 with Related Isolates………………………...44
3.4. Testing whether the Alleles Common CB1013, CB1014, CB1015 and CB1025
Duplicate the Ionizing Radiation Resistance Observed in these Isolates…………....45
3.5. Summary…………………………………………………………………………….52
CHAPTER FOUR: CLUES TO THE MECHANISMS OF INCREASED IONIZING
RADIATION RESISTANCE OF CB1000, CB1012, AND CB1024…………………………...55
4.1. Introduction………………………………………………………………………….55
4.2. Prediction of Possible Mechanisms in CB1000 and CB1012……………………….55
4.3. Prediction of Possible Mechanisms in CB1024……………………………………..59
4.4. Identifying other Polymorphisms that Potentially Contribute to the IR Resistance of
CB1000, CB1012, and CB1024……………………………………………………..62
iv

4.5. Summary……………………………………………………………………………..65
CHAPTER FIVE: USING OF TaqMAMA ASSAY TO FOLLOW AN EVOLVING
POPULATION…………………………………………………………………………….…….67
5.1. Tracking recA (D276A) and recA (A289S) as Lineage IR-1 Adapts to High Level
Exposure to Ionizing Radiation……………………………………………………...67
5.2. Tracking Changes in Genes Associated with the Replication Restart Primosome as
Lineage IR-1 Adapts to High Level Exposure by Ionizing Radiation………………68
5.3. Evolutionary Dynamics……………………………………………………………...71
5.4. Summary……………………………………………………………………………..74
CHAPTER SIX: DISCUSSION AND CONCLUDING REMARKS……………………...........76
6.1. The Use of Ultra-deep DNA Sequencing as a Method for Detecting those Alleles
Most Responsible for an Adaptive Phenotype………………………………………76
6.2. The Mechanisms of IR Resistance in the Isolates of IR-1-20……………………….83
6.3. Monitoring Evolutionary Dynamics in a Population under Selection……………….85
6.4. Future Directions…………………………………………………………………….88
6.5. Concluding Thoughts………………………………………………………………...88
BIBLIOGRAPHY………………………………………………………………………………..90
APPENDIX A: MATERIALS AND METHODS………………………………………………102
APPENDIX B: ALLELIC FREQUENCY ESTIMATED BY TaqMAMA ASSAY IN
EVOLVING POPULATIONS………………………………………………………………….127
VITA………………………………………………………………………………………….....131

v

LIST OF TABLES
2.1. The type and number of polymorphisms observed upon sequencing archived populations
preserved during the adaptation of E. coli MG1655 following high dose exposure to
ionizing radiation…………………………………………………………………………....28
2.2. The comparison of SNP frequencies determined by TaqMAMA assay and direct sequencing
of genomic DNA isolated from IR-1-20…………………….................................................32
3.1. The 44 base substitution mutations found in CB1014 relative to the Founder. The Founder
is a single colony isolate of E. coli MG1655 and parent of CB1014……………….............35
3.2. Mutations found in CB1014 that accumulated in the irradiated population as determined by
ultra-deep sequencing ……………………............................................................................38
3.3. Thirty single nucleotide polymorphisms found in the CB1014 genome evaluated for
accumulation during the evolution of lineage IR-1………………………………………..40
3.4. Mutations shared in CB1014 and CB1015 that accumulated in the irradiated population as
determined by ultra-deep sequencing ………………………………………………………44
3.5. Mutations shared in CB1013 and CB1025 that accumulated in the irradiated population
as determined by ultra-deep sequencing ……………………………………………………46
4.1. Base substitution mutations shared between CB1000 and CB1012………………………...56
4.2. Mutations found in CB1000 and CB1012 that accumulated as lineage IR-1 was exposed to
ionizing radiation……………………………………………………………………………58
4.3. Mutations found in CB1024 that accumulated as lineage IR-1 was exposed to ionizing
radiation……………………………………………………………………………………..60
A.1. Comparison of mutant allelic percentage detected by Taqman probe and SYBR green….105
A.2. Detection sensitivity of mutant allelic primers for detecting T to G transversion in recA
allele position 2820962…………………………………………………………………….106
A.3. E. coli strains used in this study…………………………………………………………...109
A.4. Plasmids used in this study………………………………………………………………...110
A.5. Strains created by P1 transduction………………………………………………………...110
A.6. The primers used in TaqMAMA using TaqMan probe as detector……………………….112
A.7. The primers used in TaqMAMA using SYBR Green as detector…………………………118
A.8. The primers for the genes whose initial allelic percentage differed in TaqMAMA and
population sequencing……………………………………………………………………...123
vi

A.9. Primers used for creation of mutants……………………………………………………...126
B.1. The quantification of mutant allelic frequency of polymorphisms seen in strain CB1000
by TaqMAMA assay. ………………………………………………………………….......127
B.2. The quantification of mutant allelic frequency of polymorphisms seen in strain CB1014
by TaqMAMA assay. ……………………………………………………………………...128
B.3. The quantification of mutant allelic frequency of other polymorphisms seen in IR-1 series
by TaqMAMA assay……………………………………………….....................................129

vii

LIST OF FIGURES
1.1. Schematic representation of SOS induction in E. coli………………………………………18
1.2. Schematic representation of loading of different components for replication restart
assembly…………………………………………………………………………………….20
1.3. A dendrogram defining the relationship between seven isolates of IR-1-20. ………………22
1.4. Survival of the individual strains isolated from IR-1-20 population along with Founder at
2, 500 Gy dose of ionizing radiation………………………………………………………...23
2.1. The accumulation of polymorphisms during the adaptation of lineage IR-1 to ionizing
radiation…………………………………………………………………………………..…30
2.2. Depiction the mismatch created by the primers, the basis for TaqMAMA………………….31
3.1. Disappearance of prophage e14 (pinE) with evolution for radioresistance………………….49
3.2. The ionizing radiation resistance of JBMP3………………………………………………....49
3.3. The ionizing radiation resistance of JBMP4………………………………………………....51
3.4. The ionizing radiation resistance of JBMR3………………………………………………...52
3.5. Inclusion of ∆ e14 and dnaT (R145C) in the background with recA (D276A) does not
increase IR resistance………………………………………………………………………...53
4.1. The ionizing radiation resistance of JBM5…………………………………………………..59
4.2. The ionizing radiation resistance of JBMR2………………………………………………...62
5.1. Fluctuations in the frequency of the recA (D276A) and recA (A289S) alleles in lineage
IR-1………………………………………………………………………………………….68
5.2. Fluctuations in the frequency of the dnaB (L75S), dnaT (R145C), and priC (L163P) alleles
in lineage IR-1………………………………………………………………………………70
5.3. Evidence for indirect selection (hitchhiking) during the adaptation of lineage IR-1 to high
dose ionizing radiation………………………………………………………………………74
5.4. Evidence that the dnaT (R145C) allele and recA (D276A) alleles are linked………………75
A.1. The standard curve for recA (D276A) mutation…………………………………………..104
A.2. Picture depicting the PCR gene product used for transformation in creating the mutant with
the specific alleles…………………………………………………………………………..107

viii

ABSTRACT
Our lab created ionizing radiation (IR) resistant populations of E. coli MG1655 through
twenty cycles of exposure to IR and outgrowth. To identify the genetic alterations responsible for
increased IR tolerance, a total of seven isolates from the evolved final population were resequenced. However, the individual isolates sequence analysis revealed wide variety of unique
genomic alterations with little overlap between the seven isolates and therefore, did not reveal
the clear picture of the mutations responsible for IR resistance. Our current research focused on
distinguishing the relevant mutations from the non-relevant mutations that contribute to IR
resistance by using two methods: population sequencing and TaqMAMA with the assumption
that beneficial mutations evolve and accumulate in the final population. A 255X deep coverage
sequencing of the genomic DNA from the IR resistant final population determined mutant allelic
percentage in this population for each polymorphism detected. TaqMAMA assay acted as a tool
for verifying the sequencing results. This assay also revealed two evolutionary phenomena:
clonal interference and hitchhiking suggesting that not all polymorphisms seen in the final
population could contribute to IR resistance. The analysis of population sequencing results along
with the phylogenetic analysis reduced the number of potential candidates responsible of IR
resistance in these isolates. These possible contributors enable at least three unique mechanisms
in the seven isolates and the survival data revealed that the related isolates have same levels of
IR resistance possibly from the same mechanism. The identified candidates were transferred into
the parent strain alone or in combination and the resulting strains were tested for survivability
against IR. This experiment identified the possible reasons of IR resistance in these isolates. In
fact, a RecA modification has been determined to be a lone contributor for IR resistance in the
four isolates. The methods used here, enabled us to separate relevant mutations that accumulated

ix

during evolution from non-relevant mutations that do not and thus helped to reduce the number
of alleles possibly that could contribute to IR resistance. However, genetic characterization is
required to confirm their role in IR resistance due to complexity that exists in allelic selection
during evolution.

x

CHAPTER ONE: INTRODUCTION
Ionizing radiation (IR) is defined as any electromagnetic or particulate radiation with
energy sufficient to expel electrons from a molecule (Jonah and Rao, 2001). Electromagnetic
radiation includes x-rays and γ rays, photons of shorter wavelength and higher energy. The
electrons ejected by high energy electromagnetic radiation cause most of the damage associated
with x-rays and γ rays (Spinks and Woods, 1990). These energetic fast electrons produce cellular
damage directly and indirectly. Direct effects occur when the fast electron directly ionizes a
macromolecule. Biological effects depend on whether the macromolecular damage inactivates
an essential function required for cell survival. Indirect effects are manifest when the high
energy electrons generate free radicals from one or more of the abundant small molecules in the
cell. These free radicals are responsible for the biological effects. When fast electrons interact
with water they can produce hydroxyl radicals (OH.), the most reactive oxygen species (ROS).
Since water is 80% of a cell’s volume, free radicals generated from water are responsible for 7580% of the biological damage caused by IR (von Sonntag, 1987). Absorbed dose is usually
reported in Gray (Gy) or kilo-Gray (kGy); one Gray corresponds to energy absorption of 10, 000
erg/g. The radioresistance of microorganisms is generally characterized by its D37 dose, the dose
at which 37% of cells survive. The D37 dose is the exposure that on average is required to
inactivate a cell: the higher the D37 dose, the high the IR resistance of the organism. The D37
dose of Escherichia coli is approximately 30 Gy (Sweet and Moseley, 1976), which is typical for
vegetative bacteria.

However, some bacteria can withstand very high doses of IR.

The

bacterium Deinococcus radiodurans, one of the most IR resistant organisms known, has D37
dose of approximately 6500 Gy (Sweet and Moseley, 1976).
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1.1. Cellular Damage Caused by Ionizing Radiation
Free radicals produced by IR are capable of reacting with and modifying all cellular
macromolecules. Despite this fact, almost all studies on the nature of IR resistance in bacteria
have focused on explaining how cells cope with DNA and protein damage. DNA and protein
damage are believed to have the most significant impact on cell survival and will be the focus of
this discussion.
1.1.1. Ionizing Radiation-Induced Damage to Nucleic acids
Ionizing radiation causes a variety of DNA damage including base damage, inter-strand
crosslinks, single strand breaks (SSBs) and double strand breaks (DSBs). Of these, nucleobase
modification is the most common type of damage, with more than 80 types caused with IR
(Bjelland and Seeberg, 2003). Hydroxyl radicals add to the double bonds of bases and abstract
protons leading to modification of bases and sugar residues. These base modifications often lead
to mispairing and mutagenesis. For example, oxidation of guanine leads to formation of 8-oxo
guanine which may then mispair with thymine causing a G:C to A:T transition in the subsequent
generation. Other examples of base damage include formation of thymine glycol, uracil glycol,
8-hydroxy adenine, 5-hydroxyl uracil and also 2,6-diamino-4-hydroxy-N5-(2-oxoethyl)formamidopyrimidine (FAPY) adducts such as FAPY-deoxyguanine and FAPY-deoxyadenine
adducts (Valko et al., 2006).
Reactive oxygen species can also modify deoxyribose sugar leading to DNA cross-links
and/or strand breaks. Hydroxyl radicals affect the sugar-phosphate moiety in 10-20% of cases
leading to SSBs (Breen and Murphy, 1995). Single strand breaks in close proximity on opposite
strands can lead to DSBs. One DSB forms for every 20 SSBs resulting from gamma radiation
(Krisch et al., 1991). The formation of DSBs is directly proportional to the dose of IR (Burrell et
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al., 1971) administered. In general, DSBs are considered a more severe form of damage caused
by IR. Double strand breaks may encourage inappropriate exonuclease activity, resulting in the
excision of the damaged bases in close proximity to the break, and loss of genetic information in
both strands. Ionizing radiation resistant and radio-sensitive organisms experience the same
level of DSBs per Gy of dose per genome, approximately 0.002 to 0.006 DSBs/Gy/Mbp (Burrell
et al., 1971; Gerard et al., 2001; Gladyshev and Meselson, 2008; Slade and Radman, 2011). An
organism’s ability to survive IR reflects in their capacity to repair DSBs.
1.1.2. Ionizing Radiation-Induced Damage to Proteins
Hydroxyl radicals generated by IR react differently with varied amino acids. The
cysteine, methionine, proline, arginine, histidine and lysine residues are more sensitive to
oxidation (Rodgers et al., 1968; Schaich, 1980a; 1980b). Thus, the lesions formed by oxidative
damage to the proteins depend upon the amino acid side chain that is attacked. Many different
products are observed after oxidative damage to proteins, including glutamic acid semialdehyde,
4-hydroxy-glutamate,

2-oxo-histidine,

3,4-dihydroxy phenylalanine,

3-nitro-tyrosine,

2-

pyrrolidone-4-hydroxy-proline, methinone sulfone and sulfoxide (Valko et al., 2006). Hydroxyl
radical-mediated attack on glutamic acid and proline residues can also lead to peptide bond
cleavage.
1.2. Factors Influencing Ionizing Radiation Resistance
The IR resistance of an organism is controlled by a number of external and internal
factors. External factors include the growth phase of cultures, the growth medium, the irradiation
medium, temperature at irradiation, recovery medium, and the pH of medium. Among these
factors, the growth phase of cells is believed most significant. The cells in exponential phase
growth are 3-fold more sensitive than the stationary phase growth cells (Keller and Maxcy,
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1984). The low oxygen content in the stationary phase cultures decreases the generation of
reactive oxygen species that are responsible for the lethal effects. In addition, cells are in high
concentration in stationary phase, which may passively shield other cells (Duggan et al., 1963).
The physical state of cells during irradiation also influences the cell’s ability to survive. Sarcina
species are 3-fold more sensitive when irradiated in aqueous suspensions relative to dried cells
(Kilburn et al., 1958). Presumably, the absence of water prevents hydroxyl radical formation,
which is responsible for most of the indirect effects of IR.
The growth medium can profoundly influence survival post-irradiation. D. radiodurans is
significantly more resistant to IR when irradiated in TGY broth at pH 7 when compared with D.
radiodurans cultures irradiated in TGY broth of pH 10.5. This difference has been correlated to
changes in the extent of protein oxidation; there is a decrease in manganese redox recycling
(Daly et al., 2007) at the higher pH. The increased availability of Mn2+ has been correlated with
the IR resistance of D. radiodurans; the reduction in redox recycling results in more protein
oxidation, and reduced viability.

Daly et al. argue that increased protein oxidation limits the

cell’s DNA repair capacity by reducing the number of DNA repair proteins available to the cell.
External factors added to growth media may also affect cell survival post-irradiation. The
presence of reducing agent cysteine offers protection against gamma radiation (Duggan et al.,
1963). The presence of iodoacteamide, an agent that alkylates sulfhydryl groups in cysteine, or
chloramphenicol, an inhibitor of protein synthesis, increases sensitivity of the organisms to the
gamma radiation (Dean and Alexander, 1962; Kitayama and Matsuyama, 1968).
Internal factors affecting IR resistance are genetic and heritable. These factors are
responsible for the differences in radiation sensitivity between species and are specific for the
organism. For example, a spore forming organism is more resistant to IR than a non-spore
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forming organism. Formation of spores extrudes most of the water and therefore limits water
availability for the formation of free radicals (Setlow, 1992). In addition, there are a number of
non-spore forming organisms that are highly IR resistant.

In one survey, 11 lineages of

organisms within domains Archaea and Bacteria are reported to include IR resistant members
(Cox and Battista, 2005).
Bacteria;

The largest numbers of IR resistance are found in the domain

these include Deinococcus radiodurans (Battista and Rainey, 2001) , Acinetobacter

radioresistens (Nishimura et al., 1994), Rubrobacter radiotolerans (Ferreira et al., 1999),
Methylobacterium radiotolerans (Green and Bousfield, 1983), Chroococcidiopsis (Billi et al.,
2000), Gemmata obscuriglobus (Lieber et al., 2009), Hymenobacter actinosclerus (Collins et al.,
2000), Kineococcus radiotolerans (Phillips et al., 2002), Truepera radiovictrix (Albuquerque et
al., 2005), Lactobacillus plantarum (Hastings et al., 1986) and Enterococcus faecium (van
Gerwen et al., 1999). Ionizing radiation resistance is also seen in some thermophilic archaea,
including Thermococcus gammatolerans (Jolivet et al., 2003), Pyrococcus furiosus (DiRuggiero
et al., 1997), Desulfurococcus amylolyticus (Kopylov et al., 1993), and is reported in
Halobacterium (Kottemann et al., 2005). Apart from these prokaryotes, a few eukaryotes are
reported resistant to IR. Ionizing radiation resistance eukaryotes include bdelloid rotifers like
Philodina roseola (Gladyshev and Meselson, 2008), the fungi Cryptococcus neoformans
(Dadachova et al., 2004), the slime mold Dictyostelium discoideum, the green alga Dunaliella
bardawil (Ben-Amotz and Avron, 2002), the tardigrade Milnesium tardigradum (Horikawa et
al., 2006) and the nematode Caenorhabditis elegans (Johnson and Hartman, 1988). Genetic and
biochemical analysis of these organisms doesn’t reveal any common mechanism responsible for
their radioresistance, suggesting that multiple mechanisms may be responsible for increased
radiotolerance in these species.
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1.3. Evolution of Ionizing Radiation Resistance in Bacteria
It is difficult to explain extreme IR resistance in terms of natural selection. The overall
flux of IR on Earth is very low. Maximum exposure in a natural environment is 400mGy per
year (Cox and Battista, 2005) and this flux occurs in only two limited locations on Earth
(UNSCEAR, 1982). Ionizing radiation resistant organisms have been isolated from wide a
variety of environments rich in organic nutrients, including soil (Murray, 1992), animals and
their feces (Ito et al., 1983), the rhizosphere (Lai et al., 2006), sewage (Ito et al., 1983),
processed and dried foods (Davis et al., 1963), and paper mill effluents (Vaisanen et al., 1998).
Ionizing radiation resistant organisms have also been isolated from more extreme environments,
including deserts (Rainey et al., 2005), hot springs (Ferreira et al., 1997), deep sea hydrothermal
vents (Jolivet et al., 2003) and permafrost (Hirsch et al., 2004).
It is hypothesized that extreme environments cause DNA damage similar to that caused
by IR. In this model, IR tolerance is an incidental consequence of adaptation to these stressful
environments. Evidence supporting this hypothesis was provided when Mattimore and Battista
(1996) linked IR resistance to desiccation resistance in Deinococcus radiodurans. This group
found that 41 IR sensitive strains of D. radiodurans were also sensitive to desiccation suggesting
that the resistance to these stresses are functionally related. In addition, environmental studies
have demonstrated a greater abundance of IR resistant species in extreme environments relative
to other less stressful locations. For example, a large number of IR resistant organisms were
recovered from the arid soil (Sonoran desert, Arizona, USA) and none from in a non-arid
location (forest, Louisiana, USA) (Rainey et al., 2005).
Other investigators posit that the radiation resistance mechanisms may also have evolved
as an adaptation to DNA damage caused by other stressful conditions such as exposure to heat in
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thermal vents (Ferreira et al., 1997), exposure to background radiation while dormant in
semifrozen conditions (Richmond et al., 1999), or as an adaptation to high levels of IR in
manganese rich marine sediments (D'Hondt et al., 2004; Sghaier et al., 2007). The thermophilic
archaeon, Thermococcus radiotolerans was isolated from the hydrothermal vent (Jolivet et al.,
2003). The DNA repair system in this archaeon has to be more efficient to correct the wide
variety of damages caused by the high temperature present in hydrothermal vent and such
efficient DNA repair systems could also contribute for IR resistance.
1.4. Mechanisms of Ionizing Radiation Resistance
IR causes similar amounts of DNA damage in both radiosensitive and radioresistant
organisms (Burrell et al., 1971; Bonura and Smith, 1976; Battista et al., 1999; Gerard et al.,
2001; Daly et al., 2004). In E. coli, only a few DNA double strand breaks can kill the cell
(Krasin and Hutchinson, 1977). IR resistant species can tolerate much higher levels of damage.
For example, D. radiodurans can withstand a 5,000 Gy dose of ionizing radiation without loss of
viability. This dose creates approximately 200 DSBs, 3000 SSBs and 1000 damaged bases per
genome equivalent (Burrell et al., 1971). The mechanisms responsible for this resistance are not
wholly characterized and as indicated above different mechanisms may function in different
species. As a consequence, there are a number of hypotheses concerning possible mechanisms
of IR resistance, and they are summarized below. Deinococcus radiodurans is the most
extensively studied IR resistant species, and most of the following discussion relates to
mechanisms believed to operate in this species.
1.4.1. Genome Copy Number
An increase in genome copy number has been positively correlated to increased IR
resistance in E. coli (Krasin and Hutchinson, 1977) and Saccharomyces cerevisiae (Mortimer,
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1958). Copy number can have a role in increased IR resistance in at least two overlapping ways.
First, with an increase in genome copy number, the probability of a critical locus being
inactivated is lower. Since IR-induced DNA damage is introduced randomly, it is possible to
estimate the probability of inactivating a given locus using the formula PN, where P is the
probability of inactivating that locus as a single copy in the genome, and N is the number of
genome (locus) copies present in the organism. Second, increased numbers of genome copies
provides redundant genetic information that can be used by DNA repair systems to correct the
damage caused by IR. Recombination, a process that bacteria frequently use to repair DSBs,
requires the presence of more than one genome copy of the DNA being repaired (Cox and
Battista, 2005).
1.4.2. Nucleoid Organization
The nucleoid of several IR resistant species, including a number of Deinococcus spp. and
Rubrobacter radiotolerans appears more condensed than the genome of the IR sensitive species,
E. coli and Thermus aquaticus (Zimmerman and Battista, 2005). Such condensation may prevent
the diffusion of DNA fragments and/or limit the activity of intracellular DNases post-irradiation,
facilitating cell survival. However, direct evidence in support of this idea is limited.
1.4.3. Enzymatic Processes Involved in Protection against Oxidative Stress
The activity of proteins that protect against oxidative stress (catalases, peroxidases,
superoxide dismutases) correlates with ROS availability and may be a contributing factor for IR
resistance (Wang and Schellhorn, 1995; Tian et al., 2004). Superoxide dismutatase (SOD) is the
enzyme involved in conversion of O2.– to H2O2 which is subsequently converted to H2O by
catalases. D. radiodurans Mn-SOD more efficiently eliminates superoxide radicals (O2.-) when
compared with the corresponding E. coli Mn-SODs counterparts (Abreu et al., 2008). The
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catalase activity in D. radiodurans is 15 times higher than E. coli. Also, it was shown the
predicted SODs and catalases were induced by IR in D. radiodurans (Liu et al., 2003).
However, studies have shown that the SOD and catalase mutants of D. radiodurans indicate that
these strains are not sensitive to doses of IR less than 12,000Gy (Markillie et al., 1999). In the
anaerobic thermophiles, P. furiosus and T. gammatolerans, the activity of SOD is replaced by
superoxide reductase (SOR) to remove the ROS (Jenney et al., 1999) and SOR is highly induced
upon exposure to IR (Williams et al., 2007). There is also evidence for altered regulation of
enzymes involved in redox homeostasis in IR resistant species. Transcriptome analysis in H.
salinarum NRC-1 revealed down-regulation of eight dehydrogenases, enzymes believed to play a
role producing ROS, and up-regulation of thioredoxin, a protein that acts as an antioxidant
(Whitehead et al., 2006).
1.4.4. Non-enzymatic Processes Involved in Protection against Oxidative Stress
A number of non-enzymatic mechanisms involving small molecule antioxidants have
been implicated in IR resistance mechanisms. These antioxidants include carotenoid pigments
and intracellular salts. Studies have indicated that carotenoids from Deinococcus can protect
DNA, protein and lipids from oxidative damages. The carotenoids from D. radiodurans has
been shown to scavenge all types of ROS (OH., O2.– and H2O2) in vitro (Tian et al., 2007; Zhang
et al., 2007). Similarly, the membrane pigment, bacterioruberin has been suggested to play a
passive role in protection in Halobacterium salinarum NRC-1. The colorless mutant of H.
salinarum isolated by MNNG mutagenesis was 2.5 fold more sensitive than wild type to IR and
H2O2. This colorless mutant was also five-fold more sensitive to UV, but was as resistant as
wild type against mitomycin-C, suggesting that the pigment is effective in protecting against UV
and IR but not against cross-link formation by mitomycin-C (Saito et al., 1997; Shahmohammadi
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et al., 1998). The level of DSBs and SSBs induced by IR was higher in mutant strain possibly
suggesting the role pigment bacterioruberin in scavenging the free radicals (Shahmohammadi et
al., 1998).
Intracellular mineral content may also play a role in the IR resistance of radioresistant
bacteria. Some radioresistant organisms have high concentration of Mn2+ in conjunction with
low levels of intracellular Fe2+. This high Mn/Fe ratio is proposed to protect the cell from
oxidative damage (Daly et al., 2004) in two ways; first, high intracellular Mn should scavenge
ROS (Archibald and Fridovich, 1982), and second, a high Mn/Fe ratio reduces the formation of
ROS through Fenton reaction. D. radiodurans grown in defined medium without Mn2+ are sixfold more sensitive to ionizing radiation than D. radiodurans grown in rich medium and the
increased sensitivity correlates to a lower intracellular Mn/Fe ratio (Daly et al., 2004; Daly et al.,
2007). Since the level of DNA damage in both radioresistant and radiosensitive organisms are
same (Burrell et al., 1971; Gerard et al., 2001), it was proposed that the complexes involving
Mn2+ protect cellular proteins from the oxidative damage. The proposal was supported by the
observations that levels of protein carbonyls, an indicator of protein oxidation, were higher in
radiosensitive species relative to radioresistant organisms. Daly et al. have suggested this result
is most easily interpreted if one accepts the premise that higher levels of protein damage leads to
loss of viability in irradiated cells (Daly et al., 2007). These authors suggest that DNA repair
enzymes are among the proteins protected by the proposed Mn2+ complexes. Their argument is
straightforward: DNA damage must be repaired for the cells to remain viable and it is the
preservation of DNA repair proteins post-irradiation that enhanced cell viability.

Ionizing

radiation sensitive species die because they cannot maintain DNA repair post-irradiation. Recent
studies have shown that Mn2+ will form complexes with orthophosphates, peptides or
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nucleosides which scavenge ROS and protect the proteomes (Daly et al., 2010). Filtrates of D.
radiodurans, enriched with these metabolites, have been shown to increase the survival of E. coli
and human cells to radiation ex vivo. A reconstituted in vitro mixture of these metabolites also
enhanced the survival of E. coli to ionizing radiation (Daly et al., 2010). In a more recent study,
it was shown that the protein free cell filtrates from radioresistant H. salinarum NRC-1 enriched
in Mn2+ along with amino acids, protected the activity of DdeI enzyme up to 12 kGy in vitro, but
the filtrates from radiosensitive E. coli did not protect the same enzyme more than 4 kGy in
vitro. This result indicates a role for Mn2+ complexes in protein protection in H. salinarum.
The Mn2+ complex are also found in other bacteria but the contents of Mn2+ complex
varies. Studies have shown that the Rubrobacter filtrates containing Mn2+ phosphate complex
with trehalose, mannosylglycerate (MG) and di-myo-inositol phosphate (DIP) increased
protection of plasmids and enzymes in vitro against IR (Webb and Diruggiero, 2012). Similarly,
the Mn2+-dipicolinic complexes have been attributed to increased radioresistance in Bacillus
spores (Ghosh et al., 2011) and Mn2+-trehalose complexes has been attributed to increased
desiccation tolerance in cyanobacteria (Shirkey et al., 2003) .
Control of other intracellular metals has also been implicated in the IR resistance of
bacteria and archaea. In P. furiosus, the ferritin/Dps-like gene that codes for a protein involved
in iron chelation is up-regulated on exposure to IR and this could limit the availability of iron for
the Fenton reaction and therefore suppression of ROS production (Williams et al., 2007). In H.
salinarum NRC-1, a high intra-cellular concentration of chloride and bromide ions has been
shown to reduce nucleotide modifications and protein carbonylation post-irradiation, enhancing
the survival of the organism. The authors proposed that these ions could acts as a ‘chemical
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chaperone’ and scavenge the hydroxyl radicals, thereby reducing the oxidative stress to the DNA
and proteins (Kish et al., 2009).
1.4.5. More Effective DNA Repair as a Mechanism of IR Resistance
A. Novel Protein Involvement in DNA repair
As described earlier, D. radiodurans is most extensively studied radioresistant organism
and many novel proteins have been linked to IR resistance in this species. Five novel transcripts
are highly induced following exposure of D. radiodurans to IR; they have been named DdrA,
DdrB, DdrC, DdrD and PprA (Tanaka et al., 2004). The functions of some of these proteins
have been characterized. The DdrA (DNA damage response A) protein protects 3’ overhangs of
ssDNA from exonuclease activity and thus preserves genomic integrity (Harris et al., 2004).
DdrB protein has novel ssDNA binding fold distinct relative to other SSB proteins (Norais et al.,
2009; Sugiman-Marangos and Junop, 2010) and is proposed to be involved in a form of DSB
repair referred to as single strand annealing (SSA). The PprA (pleiotropic protein promoting
DNA repair) preferentially binds to DSBs and facilitates DNA end-joining reactions by DNA
ligases in vitro (Narumi et al., 2004). It was proposed that PprA protein could function as Kulike protein and stimulate non homologous end joining (NHEJ). However, studies have shown
that NHEJ is absent in D. radiodurans (Daly and Minton, 1996; Zahradka et al., 2006). The
functions of DdrC and DdrD are unknown but deletion mutant studies did suggest different roles
of these proteins depending upon the types of damage (our lab, unpublished results).
B. Novel Use of Conventional DNA Repair Processes
Ionizing radiation resistant organisms also express conventional DNA repair proteins,
and it is possible that these repair pathways function more efficiently in IR resistant organisms
relative to identical pathways in more IR sensitive species. The E. coli recA can only partially
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complement D. radiodurans recA strain suggesting fundamental functional differences between
these species’ RecA (Schlesinger, 2007). Unlike, E. coli RecA (RecAEC), which preferentially
binds to ssDNA, D. radiodurans RecA (RecADR) has preference to dsDNA, promoting strand
exchange via an inverse pathway (Kim and Cox, 2002; Kim, 2006). Complexes formed between
the RecADR and dsDNA are more energetically favorable than the complexes formed between
RecADR and ssDNA (Kim, 2006). Also, unlike RecAEC which limits DNA degradation by
binding to ssDNA, RecADR may promote fragmented DNA degradation through binding and
unwinding of dsDNA with the hydrolysis of ATP, increasing the accessibility of exonucleases
such as RecJ (Slade et al., 2009; Slade and Radman, 2011) to DNA. In fact, the partial
degradation of DNA fragments was less pronounced in recA mutant of D. radiodurans after
exposure to 7 kGy dose of ionizing radiation (Slade et al., 2009), suggesting that RecADR
generates the 3’ overhangs that are required for strand invasion during recombination and DNA
DSB repair.
RecA is an integral part of a process designated Extensive Synthesis Dependent Strand
Annealing (ESDSA) attributed to D. radiodurans. This mechanism appears to be unique to this
bacterial genus and it has been suggested that it facilitates the reassembly of the D. radiodurans
genome after introduction of large numbers of DNA DSBs. During ESDSA, DSBs are recessed
by UvrD and RecJ to form 3’ single strand overhangs. Then, RecA is loaded into these DNA
substrates by RecFOR complex (Bentchikou et al., 2010), which along with RadA promotes 3’
strand invasion (Zahradka et al., 2006), promoting DNA synthesis by priming a complementary
strand. DNA synthesis is initiated by DNA polymerases I and III. Following extensive DNA
synthesis, it is assumed that there is branch migration of D-loops associated with newly formed
dsDNA, but branch migration has not been extensively studied in ESDSA. Displacement of the
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D-loop presumably generates newly synthesized long DNA tails attached to dsDNA. These
single strands can anneal with the complementary strands on other fragments and gap filling by
DNA polymerase I (Slade et al., 2009) could fill these gaps. Long intermediates containing
blocks of old and newly synthesized DNA have been identified and it is assumed they serve as
substrates for RecA-mediated homologous recombination that generates complete circular
chromosomes (Kowalczykowski et al., 1994; Zahradka et al., 2006).
1.5. Creating Ionizing Radiation Resistant Bacteria in the Laboratory
The exposure of the bacteria to repeated selective pressure can create strains resistance to
that selective pressure (Wright and Hill, 1968; Milbourne, 1983) in the laboratory. This approach
was first attempted when UV and IR resistant strain of E. coli B (Witkin, 1946b) were created
following repeated exposure of E. coli B cultures to high dose UV light (Witkin, 1946b). The
elevated resistance was presumed due to mutation because the phenotype was heritable through
subsequent generations (Witkin, 1946a).
Following this early study, a number of investigators have created IR resistant
populations of bacteria and yeast. Ionizing radiation resistant populations of Saccharomyces
cerevisiae were developed with iterative exposure of survivors to X-ray radiation (Maisin et al.,
1955). Similarly, the IR resistance of E. coli was increased by 38% by exposing stationary phase
cultures to seven iterative cycles of gamma radiation and outgrowth (Wright and Hill, 1968).
Studies with Salmonella enterica serovar Typhimurium LT2 showed that the extent of IR
resistance is related to number of repeated cycles of exposure and outgrowth (Davies and
Sinskey, 1973). The D10 of IR resistant cultures generated after 42 cycles and 84 cycles was
approximately 10 fold and 20 fold higher than the LT2 parent strain, respectively. The repeated
exposure of surviving vegetative cells of Bacillus pumilus to 23 cycles of sublethal gamma
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radiation led to a 4.5 fold increase in resistance in a strain, designated V-23 (Parisi and Antoine,
1974). Apart from the increased IR resistance, the V-23 strain exhibited a number of other
characteristics, including creation of a nutritional requirement of six amino acids, loss of the
ability to form spores, and loss of motility. These studies illustrate two important points: a) it is
possible to create an IR resistant strain through prolonged exposure of a variety of
microorganisms to IR, and b) that the selection of an IR resistant strain requires genetic change.
Since IR is inherently mutagenic, it is assumed that most of the mutations are a consequence of
exposure to IR. Further, it is assumed that most of the mutations that appear post-irradiation are
unrelated to the IR resistance phenotype.
All of the studies described above lack detailed genetic characterization, making attempts
at predicting what genetic changes are responsible for the adaptation impossible. Several recent
adaptive evolution studies have included whole genome sequencing in the process of identifying
genetic changes underlying specific adaptations (Herring et al., 2006; Blount et al., 2008; Harris
et al., 2009; Tenaillon et al., 2012). For example, Tenallion et al. (2012) focused on identifying
changes in the genome of E. coli necessary for adaptation to growth at higher temperature
(42.20C). For this purpose, 115 independent temperature-adapted clones were isolated and their
genomes re-sequenced to identify potential convergence in mutations in genes of related
function. This analysis indicated that specific changes in rpoB the locus encoding the β subunit
of RNA polymerase, and rho which encodes a transcription terminator could account for the
adaptation. The results suggest that thermal adaptation can result from at least two different
evolutionary trajectories, providing insight into the physiology of heat tolerance.
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1.5.1. Creating Ionizing Radiation Resistant Strains of Escherichia coli and Characterizing
those through Genome Sequencing
In 2009, Harris et al. described the generation of four IR resistant lineages of E. coli
MG1655 using a strategy similar to that described in earlier literature (Harris et al., 2009). A
single colony isolate of MG1655 was subjected to 20 cycles of exposure to IR and outgrowth. In
the first iteration, an exponential phase culture was exposed to a dose that killed approximately
99% of the population.

Survivors were allowed to grow to stationary phase; part of this

population of survivors was used to start the culture irradiated in the second cycle and part of it
archived for future analyses. This pattern was repeated for all subsequent cycles; the surviving
population used to initiate the next cycle of irradiation through all 20 cycles. The dose of
ionizing radiation used was increased as the experiment progressed, ensuring a 99% reduction in
viability as the population became more IR resistant. The dose administered during the first
cycle was 2,000 Gy, and it increased to 10,000 Gy during the 20th cycle. Independent lineages
were designated IR-1 through IR-4, identifying the selective pressure and the individual lineage.
Individual

archived

populations

were

assigned

numbers,

identifying

their

position

chronologically within this protocol; the population obtained after the first cycle in lineage IR-1
designated IR-1-1, and the population after 20th cycle as IR-1-20. Individual isolates were
obtained from IR-1-20, and after confirming that they exhibited enhanced IR resistance, these
isolates were given the designation CBXXXX, where XXXX is a number 1000 or higher. This
nomenclature was maintained for populations and isolates obtained from lineages IR-2 – IR-4.
Biochemical and physiological analysis of the IR resistant E. coli isolates did not reveal
any obvious explanation for their increased radioresistance.
morphology of the parent strain.

Cells maintained the size and

Microscopy did not reveal nucleoid compaction. The

intracellular metal content of the radiosensitive parent and radioresistant isolates CB1000,
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CB2000, CB3000 and CB4000 were identical. There was no evidence of alterations in protein
oxidation; protein carbonyls were in the radioresistant isolates and the parent strain.
Pulsed field gel electrophoresis of genomic DNA post-irradiation indicated that the
genomes of the radioresistant isolates were degraded to the same extent as parent, suggesting
absence of passive protection of the DNA. However, the genomes of CB1000 and CB2000
reassembled faster than the parent, indicating more effective DNA repair in these radioresistant
isolates.
In an attempt to reveal the genetic changes responsible for enhanced IR resistance in
these isolates, the genomes of seven isolates from the IR-1-20 population (CB1000, CB1012,
CB1013, CB1014, CB1015, CB1024 and CB1025) along with the parent strain were resequenced using an Illumina platform. Sequence analysis revealed a total of 369 polymorphisms
in these seven isolates. Base substitution mutations accounted for 97.5% of the polymorphisms.
The number of polymorphisms associated with a single isolate varied from 40 to 71. Assuming
that the IR resistant phenotype would arise from related genotypic changes, the distributions of
mutations detected in individual isolates from population IR-1-20 were compared to identify
common genetic changes. Surprisingly, this analysis displayed little overlap in the isolates’
genotypes. Instead, sequencing suggested a diverse mutational landscape with 245 of the
mutations detected occurring once. Only two genetic changes linked all of the isolates. 1) The
cryptic prophage e14 was deleted in all sequenced strains. This prophage has been shown to
undergo excision with the induction of SOS response (Wang et al., 2010).

The repeated

induction of SOS response presumably caused excision of prophage e14 from all isolates. 2) All
strains contained a mutation in at least one of genes encoding the proteins in the replication
restart apparatus.
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The SOS response is a global DNA repair response (Radman, 1975) induced by variety
of DNA damaging agents, such as IR, UV radiation, chemicals mitomycin and bleomycin
(Michel, 2005). This is regulated by two key proteins: LexA acting as repressor and RecA in
filament form acting as inducer. The LexA protein exerts its activity by binding to the specific
sequence, SOS box, present in the promoter region of the genes of the SOS regulatory network
(Little, 1991). The RecA protein exerts its activity by binding to the ssDNA generated during
DNA damage and forming a nucleoprotein filament. This filament promotes autocatalytic
cleavage of LexA leading to inhibition of LexA binding to the SOS boxes and therefore inducing
expression from corresponding promoters associated with SOS boxes (Fig. 1.1). A total of nearly
40 genes are regulated by this SOS response mechanism (Fernandez De Henestrosa et al., 2000).

Figure 1.1. Schematic representation of SOS induction in E. coli. The RecA bound with ssDNA
is the activated form and it facilitates autoclevage LexA protein dimer. This cleavage releases
LexA from the SOS boxes and therefore transcription of downstream genes.
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In addition, the filamented RecA can also cause inactivation of CI repressor that controls
the excision of lambda phages (Sauer et al., 1982). The prophage e14 is a lamboid phage that has
region encoding for b1145 protein (YmfK) which is similar to lambda repressor, CI. Therefore,
induction of SOS response due to DNA damages caused during ionizing radiation could lead to
inactivation of YmfK repressor and therefore, excision of prophage e14 (Greener and Hill, 1980;
Mehta et al., 2004).
During DNA replication, the replisome derails upon encountering the DNA lesions such
as strand breaks. The DNA replication must resume for maintain the cell viability and replication
restart proteins help in this step. The origin-independent replication fork reassembly itself
involves seven proteins; PriA, PriB, PriC, DnaB, DnaC, DnaG and DnaT and the mechanisms of
reassembly is divided into two categories; PriA-dependent and PriA- independent. In PriA
dependent pathway, PriA is the key factor that initiates the replisome assembly (Heller and
Marians, 2007). The PriA protein binds with high affinity to the stalled forks and recombination
mediated D-loop structures (Nurse et al., 1999). This 3’ to 5’ helicase activity of PriA protein
then catalyzes unwinding of duplex and undergoes conformational change to interact with
protein PriB (Liu and Marians, 1999). The PriB protein stabilizes PriA on DNA in addition to
stimulating its helicase activity. The DnaT is recruited to the complex of PriA-PriB-DNA
complex and resulting interaction between PriB and DnaT causes release of ssDNA. The
interaction of DnaT with DnaB-DnaC allows the transfer of DnaB, the replicative helicase from
the DnaB-DnaC complex into the ssDNA coated with SSB through hand-off mechanism (Lopper
et al., 2007). This transfer is very important in the assembly of new replisome as DnaB interacts
with the primase, DnaG and DNA polymerase III holoenzyme and replication restarts as
functions of these factors (Tougu et al., 1994; Yuzhakov et al., 1996). In PriA independent
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pathway, the stalled forks are recognized by helicase, Rep protein and through its interaction
with PriC stimulates replication restart (Heller and Marians, 2007; Lopper et al., 2007) and
further steps are taken by helicase DnaB and primase DnaG as the PriA-dependent pathway (Fig.
1.2).

Figure 1.2. Schematic representation of loading of different components of replication restart
assembly. The different shapes are indicating different proteins involved in replication restart.
The functions of these proteins are described above in this chapter.
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Four of the seven isolates carry a base substitution mutation in dnaT (R145C)1, and base
substitutions appear in dnaB (L75S) or priC (L163P) in the other three isolates. There are also
changes common to some isolates, but not all. Non-synonymous base substitutions occur in recA
(5/7 isolates), ruvB (3/7 isolates), ftsW/ftsZ (4/7 isolates), clpP/clpX (3/7 isolates), and gltS (4/7
isolates) (Harris et al., 2009), suggesting a role for the encoded gene products in IR resistance.
However, it is also possible that these mutations do not contribute to IR resistance. Ionizing
radiation is a powerful mutagen and mutations introduced early in the evolution of these isolates
could be “hitchhiking” with other mutations critical to cell survival. Clonal expansion of isolates
best adapted to IR exposure is expected within each lineage. Since these bacteria do not
exchange genetic material with others in the population, any mutation created early in evolution
of an IR resistant isolate could be propagated during this expansion regardless of whether it
contributes to cell survival.
The presence of common genetic changes allowed the construction of a dendrogram that
defines relationships between isolates (Fig. 1.3). More closely related isolates share mutations,
having diverged from each other most recently. In Figure 1.1, related individuals form sublineages that are depicted as branches in the dendrogram. Isolates CB1014 and CB1015 share
ten mutations, three of which are also present in CB1013 and CB1025, indicating that these four
strains are derived from a common ancestor and that they may share a common mechanism for
IR resistance. In contrast, CB1000, CB1012, and CB1024 do not contain the same genetic
changes that define CB1013, CB1014, CB1015 and CB1025. CB1000 and CB1012 are related
to each other, and CB1024 differs from the other strains sequenced, carrying a unique set of
1

The mutations generated through evolution experiment have been described by the name of the
modified gene or corresponding protein followed the amino acid change along with it’s position
in a protein, throughout this document. For example, dnaT (R145C) denotes a mutation in dnaT
gene and resulting amino acid change from arginine to cysteine at position 145 of the protein
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mutations relative to the other six strains evaluated. The dendrogram suggests a minimum of
three evolutionary trajectories leading to the same phenotype.

Figure 1.3. A dendrogram defining the relationship between seven isolates of IR-1-20. Distinct
lineages are identifiable through shared single nucleotide mutations.
The seven sequenced isolates also exhibit functional differences that reinforce the pattern
of evolution identified in the dendrogram (Fig. 1.4). Strains CB1013, CB1014, CB1015 and
CB1025 behave identically when exposed to 2,500 Gy gamma radiation, exhibiting
approximately 30-fold increase in radioresistance relative to their parent. In contrast,
CB1000/CB1012 and CB1024 are approximately 500-fold more resistant at the same dose.
Presumably these differences in survival reflect the effectiveness of different mechanisms of IR
resistance found in these three lineages.
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Figure 1.4. Survival of the individual strains isolated from IR-1-20 population along with
Founder at 2, 500 Gy dose of ionizing radiation.
1.5.2. Identifying those Polymorphisms that Confer IR Resistance on Isolates of E. coli
MG1655
The lack of a consensus among the genotypes derived from sequencing isolates of IR-120 presents a challenging experimental problem. The results suggest that there are multiple
mechanisms of IR resistance, and that at least three of these mechanisms may have arisen
simultaneously in a single lineage. Without a biochemical understanding of those mechanisms,
we do not know if they share any underlying feature (i.e. all result in altered DNA repair or all
affect protein oxidation), or whether they are distinctly different processes. The large number of
alleles present in each strain makes it impractical to consider reconstructing the phenotype in a
wild type background, the number of potential combinations creating an untenable experimental
task. In addition, there is evidence that some of the alleles found require another mutation before
IR resistance is possible. If the dnaT allele found in CB1013, CB1014, CB1015 and CB1025 is
built into MG1655, the cell becomes more sensitive to IR than the parent strain (Harris et al.,
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2009). Clearly, testing the dnaT allele’s contribution, if any, to IR resistance requires
identification of the change or changes that suppress the deleterious effect observed when this
dnaT allele is present in the background alone.
1.6. The Objective of this Project
From a practical point of view, the utility of the genome sequence data obtained depends
on the ability to identify those changes responsible for the phenotype. The random nature of
DNA damage-induced and spontaneous mutation guarantees that some, if not most, of the
polymorphisms identified are unrelated to the phenotype of interest.

Once a sequence is

available, the challenge becomes one of separating the relevant genetic changes from the
irrelevant. In this project, I explore methods to assist in identifying those mutations critical to
the ionizing radiation resistant phenotype observed in isolates of E. coli obtained from IR-1-20.
My goal is to take advantage of techniques designed to detect polymorphisms in the presence of
an excess of wild type DNA and determine if those polymorphisms increase as the evolving
population adapts to IR-induced damage. The appearance of these polymorphisms in the IR
resistance population may be classified as beneficial or neutral. I assume, because they are
advantageous, that beneficial mutations quickly become fixed in the population and that with
time these alleles will appear in a larger and larger fraction of cells in the evolving population.
Thus, I expect that the fraction of a population carrying a beneficial allele will increase as a
function of time (number of cycles of irradiation) once that allele arises. In contrast, the fraction
of neutral mutations, which offer no selective advantage, should not increase within the evolving
population.
In this project, I plan to use ultra-deep DNA sequencing to identify those mutations that
accumulated as lineage IR-1 adapted to increasing exposure to IR. This dataset should identify
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all alleles that contribute to IR resistance in the evolving population.

By comparing the

polymorphisms found in this dataset to those found in individual isolates, it should be possible to
reduce the number of loci that encode proteins critical to IR resistance, perhaps lowering the
number of possibilities to a manageable size that permits direct testing of each allele’s
contribution to IR resistance.

.
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CHAPTER TWO: TRACING THE EVOLUTIONARY TRAJECTORY OF MUTATIONS
IN AN EVOLVING POPULATION BY HIGH THROUGHPUT SEQUENCING
2.1. Introduction
Since there is no way of knowing how many of the polymorphisms are necessary for the
IR resistance phenotype, or whether a specific polymorphism requires another genetic change to
manifest its contribution to the phenotype, defining the alleles required for the IR resistance
require identification of a method for characterizing the role of each mutation within the context
of all other polymorphisms. In this chapter, I assess whether high throughout sequencing of the
evolving population assists in identifying the polymorphisms necessary for IR resistance in these
strains.
The experimental approach is based on a fundamental axiom in evolutionary biology –
individuals with polymorphisms that confer an advantage to a species under selection will
accumulate in a population displacing individuals with less advantageous alleles.

Under

selection, individuals best suited for survival make up a progressively larger component of that
population. If we consider a population of individuals to be a collection of genotypes, then by
extension those genotypes containing polymorphisms best adapted to the selective pressure will
also accumulate, becoming a larger and larger fraction of all of the genotypes present in the
evolving population.

Assuming that polymorphisms can be accurately detected, ultra-deep

sequencing (sequencing at depths greater than 100x) of archived stages in an evolving
population’s timeline should provide a record of those genetic alterations that sweep through a
population as it adapts; those changes that accumulate with selection categorizing themselves as
potentially contributing to the adaptation.

Once these changes are identified, it should be

possible to better define the mechanisms responsible for adaptation.

26

As described in Chapter 1, Harris et al. (2009) generated four independent IR resistant
lineages from a single colony isolate of E. coli K12 strain MG1655. That isolate, which was
designated Founder, is the parent for all other strains discussed in this dissertation.

The

Founder’s genotype carries seven polymorphisms relative to the published sequence of MG1655.
The individual lineages in the Harris et al. study were designated IR-1, IR-2, IR-3, and IR-4.
During this laboratory evolution protocol, cultures of MG1655 were irradiated at a dose that
killed all but 1% of the population. Survivors were allowed to grow to stationary phase, and part
of the resulting population was archived at -80oC; the balance was used to initiate growth of the
culture for the next cycle of irradiation. Cultures were iteratively irradiated in this manner for 20
cycles; the dose of IR administered increasing as the population’s IR resistance increased. The
archived populations, which were designated IR-1-1 through IR-1-20, represent a retrievable
record of stages in the evolution of IR resistance in the lineage.
2.2. Polymorphisms Detection by High Throughput Sequencing
To establish that we could follow the genetic events that occur during adaptive evolution,
purified genomic DNA was obtained from each archived population of interest and sequenced
using the Illumina platform. Since lineage IR-1 was characterized in greatest detail in Harris et
al., archived stages from this lineage’s evolution were chosen for analysis. IR-1 did not show an
increase in IR resistance until the 12th cycle of irradiation, the lineage becoming increasingly
more radiotolerant during the final eight cycles. Archived populations from stages IR-1-11, IR1-13, IR-1-17, and IR-1-20 were chosen for sequencing in an attempt to reveal as much of the
lineage’s evolutionary history as possible within budget limitations. DNA was randomly sheared
into ~200bp fragments and the resulting fragments were used to create an Illumina library. This
library was sequenced on Illumina sequencers generating 36bp paired end reads.
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These reads were aligned to the reference genome and putative single nucleotide
polymorphisms (SNPs) and small indels were called using maq-0.7.1 at defaults (Li et al., 2008)
and SNPdetection_pooledSequence at haplotype number of 20 (Holt et al., 2009). Putative
structural variants were called using BreakDancer (Chen et al., 2009), filtering for a confidence
score of >90.
The frequency of a given polymorphism was calculated by dividing the number of times
that polymorphism appeared in the sequenced DNA by the number of times that region of the
genome was sequenced (number of times that polymorphism appeared plus number of wild type
sequences that appear at the position of the polymorphism). A depth of coverage of at least 255X
coverage was obtained for each population sequenced; this level of coverage should reliably
detect any polymorphism that appears in greater than 0.5% of the sequenced population.
Sequencing detected 498 unique polymorphisms within the archived populations from
stages IR-1-11, IR-1-13, IR-1-17, and IR-1-20 relative to Founder. Table 2.1 provides a physical
description the types of polymorphisms detected and their abundance. Details concerning each
mutation can be retrieved from Supplemental Table. Greater than 99% of the mutations detected
are SNPs. Of these SNPs, 94% are base substitutions, 79% of which potentially alter protein
function through creation of missense or nonsense mutations within a coding sequence.
Table 2.1. The type and number of unique polymorphisms detected upon sequencing archived
populations preserved during the adaptation of E. coli MG1655 to high dose ionizing radiation.
Statistics are derived by summing the results obtained from four stages (IR-1-11, IR-1-13, IR-117, and IR-1-20) in the evolution of the IR resistant lineage IR-1.
Polymorphism
Numbers Found
Large Deletion/ Insertion

2

Single Base Insertion/Deletion in Non-Coding Region

3
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Table 2.1.cont.
Polymorphism

Numbers Found

Single Base Insertion/Deletion in Coding Region

32

Base Substitutions in Non-Coding Region

61

Base Substitution: Missense

265

Base Substitution: Nonsense

17

Base Substitution: Synonymous

118

Total

498
As illustrated in Figure 2.1, the increase in IR resistance in this population (Harris et al.,

2009) correlated with the appearance of polymorphisms in these populations, the number of
detectable polymorphisms increasing with repeated exposure to IR. Only 34 polymorphisms
were identifiable in population IR-1-11; this number increasing to 368 in IR-1-20. The total
number of unique polymorphisms detected in all four populations (Table 2.1) is greater than the
number of polymorphisms detected in IR-1-20. This difference occurs because some alleles
appear and are lost in subsequent populations and others only appear in IR-1-20.
2.3. The Reliability of Allele Frequency Determinations Obtained by High Throughput
Sequencing
A cursory examination of the allele frequencies provided in Supplemental Table suggests
that sequencing an evolving population at great depth provides a high resolution method to
identify and follow the fate of all alleles that form during that evolution. However, that
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conclusion assumes that the data obtained is reliable, accurately reflecting the allelic frequencies
in the populations. To validate the results of Supplemental Table 1, a second method for
determining allele frequency was employed and the results of that analysis compared to allele
frequencies calculated from sequence data.
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Polymorphisms

300
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150
100
50
0
IR-1-11
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IR-1-20

Population cycle
Figure 2.1. The accumulation of polymorphisms during the adaptation of lineage IR-1 to ionizing
radiation.
The TaqMAMA protocol was designed as a quantitative allelic discrimination assay that
combines quantitative PCR with a mismatch amplification mutation assay (Li et al., 2004), The
technique determines allelic frequencies within a population by permitting an investigator to
exclusively amplify single nucleotide polymorphisms in the presence of wild type sequences.
This differential amplification is possible because two different forward primers, one amplifying
the allele and other amplifying the wild type sequence (Glaab and Skopek, 1999), are used in the
analysis. The primer that amplifies the allele (mutant primer) is designed so that its 3’ base is
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complementary to the polymorphism, but the penultimate 3’ base is a mismatch whether bound
to the allele or to the wild type sequence (Fig 2.2). The mutant primer can bind to and amplify
the sequence containing the polymorphism, but because it contains two terminal 3’ mismatches
to the wild type sequence, Taq DNA polymerase cannot extend from the primer. In a mixed
population where sequences containing the allele and wild type sequences coexist, only the
sequences containing the allele will be amplified when the mutant primer is used, providing a
means of quantifying allelic frequency. Similarly, primers specific for the wild type sequence
can be used to selectively amplify and quantify the fraction of wild type in the population

.

Wild primer
(5’ – 3’)

Wild sequence (5’- 3’)

Mutant sequence (5’- 3’)

TAC GGC GAA CTG GTT GA

TAC GGC GAA CTG GTT GC

TAC GGC GAA CTG GTT aA

TAC GGC GAA CTG GTT aa

Mutant primer TAC GGC GAA CTG GTT ac
(5’- 3’)

TAC GGC GAA CTG GTT aC

Figure 2.2. Depiction the mismatch created by the primers, the basis for TaqMAMA. One of
the mutation in recA is A to C transversion (bolded in the sequence). Primers were designed
to have one or two mismatches at 3’end. The mismatches are indicated by the small letters.
The wild type primer has two mismatches with the mutant sequence and vice-verse.
Amplification occurs if there is only one mismatch at the 3’ end as with wild type primer with
wild sequence and mutant type primer with the mutant sequence.
Table 2.2. compares allele frequencies calculated from sequence data in IR-1-20 with
frequencies calculated using the TaqMAMA assay. In this initial study ten SNPs, all the result of
base substitutions in coding regions were examined. The methods exhibited remarkable
agreement, predicting the same frequencies for alleles that comprised as little as 4% and as much
as 40% of the population.

This result indicates that allele frequencies determined from 255X
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sequence coverage accurately reflect the composition of the populations of interest. In addition,
the result indicates that TaqMAMA assay can be used to extend the sequence data by following
individual alleles through stages in the evolutionary process that were not sequenced. Both
methods will be used extensively in subsequent chapters.
Table 2.2. The comparison of SNP frequencies determined by TaqMAMA assay and direct
sequencing of genomic DNA isolated from IR-1-20. The SNP frequencies reported from
sequence data were calculated by dividing the number of substitutions identified at a specific
position by the sum of the number sequences detected that include that position. The SNP
frequencies reported for the TaqMAMA assay were calculated using copy numbers obtained by
quantitative PCR done with primers that selectively amplify from the SNP or the wild type base
at the given position. The base substitutions are defined by providing the wild type and modified
codons in the column labeled Polymorphism. Position numbers are those assigned to E. coli
MG1655.
SNP frequency x 100
Gene
Position
Polymorphism
Sequence
TaqMAMA

hofB

116428

ACC ACT

13

yagW

305033

GAGCAG

13

yagX

306927

GACAAC

4

9.26 ± 0.51

rimO

876334

CCT TCT

14

14.86 ± 0.82

cydC

927416

GATAAT

3

4.67 ± 0.04

recA

2820962

40

43.72± 0.57

nlpI

3306455

17

17.32 ± 0.5

gltS

3825922

40

35.90 ± 1.28

fvrR

4086862

5

7.65± 0.94

dnaT

4599105

42

46.75 ± 1.9

GAC GCC

CCTCCC

GTGGCG

TGTTGC

CGC TGC
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18.64 ± 0.44
16.20 ± 0.57

CHAPTER THREE: DEFINING THE MECHANISMS OF IONIZING RADIATION
RESISTANCE IN LINEAGE IR-1: USING ULTRA DEEP SEQUENCING TO
IDENTIFY THE GENETIC MODIFICATIONS RESPONSIBLE FOR THE INCREASED
RADIOTOLERANCE OF CB1013, CB1014, CB1015, AND CB1025
3.1. Introduction
Chapter 1 introduced the work of Harris et al., describing the generation of seven IR
resistant isolates of E. coli MG1655, the attempts to characterize this resistance by determining
the genotype of each isolate by genome re-sequencing, and the difficulties encountered in trying
to compare that sequence data between isolates. Briefly, the results obtained suggested that there
may be multiple mechanisms responsible for IR resistance and that a simple comparison of
mutations found in different isolates was not sufficient to define any single mechanism. Chapter
2 describes two techniques – ultra deep sequencing and the TaqMAMA assay – that accurately
detect changes in the frequency of alleles in populations archived from the lineage that arose as
the parent strain used by Harris et al. adapted to exposure to IR. In Chapter 2, I hypothesized
that the appearance and accumulation of an allele in these populations suggested that it was
being selected, tagging that allele as putatively contributing to IR resistance in that isolate. In
this chapter, I begin to explore that idea by describing how allelic frequencies can be used to
winnow the lists of polymorphisms associated with individual IR resistant isolates, separating
those changes that could contribute to the phenotype from those that do not contribute.
I assume the polymorphisms that appear in the IR resistance isolates discussed in Chapter
1 may be classified as beneficial, detrimental, or neutral (Gerrish and Lenski, 1998; Jayaraman,
2011). I also assume, because they are advantageous, that the beneficial mutations become fixed
in the population that gave rise to this isolate and that with time these alleles appear in a larger
and larger fraction of cells in the evolving lineage.

Thus, I expect that the fraction of a

population carrying a beneficial allele will increase as a function of time (or the number of cycles
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of irradiation and outgrowth in this circumstance) once that allele arises. In contrast, detrimental
polymorphisms should quickly disappear from the lineage, killing or crippling the cell that
contains them. The fraction of neutral mutations, which offer no selective advantage, should not
increase within the evolving lineage unless they are hitchhiking in a cell carrying a beneficial
mutation. I distinguish potentially beneficial mutations by establishing when an allele first
appears in the evolving lineage and determining if that allele has increased with time within the
lineage using the techniques described in Chapter 2. To demonstrate the process, I describe its
application to IR resistant isolate CB1014 before extending it to other isolates. CB1014 is
chosen for this analysis, because it contains the smallest number of polymorphisms, and because
it is closely related to three other IR resistant isolates (Fig 1.1.) within the lineage IR-1.
3.2. Identifying the Subset of Mutations that could be contributing to the Ionizing
Radiation Resistance of Isolate CB1014
CB1014 was isolated as a single colony from population IR-1-20.

The strain is

approximately 25-fold more resistant to ionizing radiation relative to the parent strain, designated
Founder (Fig. 1.2).

The genome of CB1014 carries 52 mutations when compared to the

published consensus sequence for E. coli MG1655. Seven of these mutations are present in the
Founder. CB1014 contains a deletion of prophage e14, and there are 44 base substitution
mutations. These base substitutions include one nonsense mutation, three mutations is noncoding regions, and 21 missense mutations that result in non-synonymous amino acid
substitutions. The remaining 19 base substitutions are within coding sequences, but result in
synonymous changes that do not affect the amino acid composition of the encoded protein. A
list of these base substitutions and their location within the CB1014 genome is provided in Table
3.1.
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Table 3.1. The 44 base substitution mutations found in CB1014 relative to the Founder. The
Founder is a single colony isolate of E. coli MG1655 and parent of CB1014. The position of
each mutation is identified using the base numbering system developed for the genome sequence
of MG1655. Four types of mutations are described in this table: synonymous base substitutions
(S), non-synonymous base substitutions (N), mutations in non-coding regions (NC), and
nonsense mutations (TER).
Base
Amino Acid
Mutant
Gene
Position
Reference
Substitution Substitution
Class
lpxC

107033

C

T

I 159 I

S

hofB

116428

G

A

T 224 T

S

proA

261858

T

C

F 378 L

N

yagW

305033

G

C

Q 337 E

N

yagX

306927

C

T

D 544 N

N

clpX

457803

A

G

Y 385 C

N

folD

556376

G

A

R 197 C

N

ybiN

841636

C

T

P 28 S

N

yliG

876334

G

A

P 309 S

N

cydC

927416

C

T

D 335 N

N

ttcA

1409903

G

A

R 24 C

N

recE

1413629

G

A

D 594 D

S

ydbL

1444103

A

G

Q 67 R

N

ydhA

1716204

G

T

G 72 G

S

yeaI

1869338

G

A

V 310 V

S

yeaJ

1870557

G

A

V 165 I

N

yeaM

1873502

A

G

S 33 S

S

cbl

2058107

G

A

Q 278 -

TER
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Table 3.1. cont.

Gene

Position

Reference

Base
Substitution

hisC

2091123

C

T

N 234 N

S

-

2185344

G

A

-

NC

yehX

2215324

A

G

S 36 P

N

yeiG

2241988

C

T

H 19 H

S

ccmA

2295436

G

A

N 77 N

S

nuoH

2394562

G

C

G 301 G

S

mnmC

2441067

T

C

Y 428 H

N

yfdF

2461525

G

A

G 164 G

S

ypdE

2502874

G

A

G 232 G

S

eutD

2570543

G

A

R 329 C

N

yfjI

2757855

T

C

F 283 F

S

recA

2820962

T

G

D 277 A

N

ygfU

3030225

T

C

G 279 G

S

nlpI

3306455

A

G

P 164 P

S

yrbC

3335355

T

A

T 187 S

N

cysG

3497167

A

G

I 440 V

N

yrfF

3526497

C

T

A 669 A

S

yhhH

3621491

G

A

V 24 I

N

-

3653245

C

A

-

NC

gltS

3825922

A

G

V 256 A

N
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Amino Acid
Substitution

Mutant
Class

Table 3.1. cont.

Gene

Position

Reference

Base
Substitution

Amino Acid
Substitution

Mutant
Class

bglH

3898645

C

T

Q 533 Q

S

frvR

4086862

A

G

C 339 C

S

fabR

4159346

G

A

G 67 D

N

-

4540704

A

G

-

NC

uxuB

4552285

C

T

A 454 A

S

dnaT

4599105

G

A

R 146 C

N

Based on the ultra-deep population sequencing data (Supplemental Table), only 15 of the
base substitutions accumulated as lineage IR-1 evolved (Table 3.2); none of these 15 alleles
could be detected in IR-1-11, and only two were found in IR-1-13.

However, all were

discovered in IR-1-17 and IR-1-20. The other 29 alleles identified in Table 3.1, those that did not
accumulate with selection, presumably do not play a role in the ionizing radiation resistance
phenotype of CB1014. Of the 15 genetic changes that accumulate with selection, seven are
synonymous base substitutions and one mutation is in non-coding region, and these mutations
are presumed to be hitchhiking mutations. The accumulating mutation in non-coding region of
strain CB1024 is in the region that does not constitute regulatory elements of gene suggesting no
role in IR resistance. Assuming that an increase in allelic frequency signals the potential
importance of that allele to the adaptation, this comparison suggests that a maximum of eight
polymorphisms – the e14 deletion and the seven non-synonymous base substitutions identified in
Table 3.2 – contribute to the IR resistance of CB1014. This result thus offers hope that the
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complexity of the problem associated with a more definitive characterization of IR resistance has
been reduced; dealing with eight polymorphisms is easier than dealing with 45 polymorphisms.
Table 3.2. Mutations found in CB1014 that accumulated in the irradiated population as
determined by ultra-deep sequencing. Archived populations 1-11, 1-13, 1-17, and 1-20 were
sequenced (depth 255 X), and single nucleotide polymorphisms (SNPs) detected and quantified
for each position within the genome. The columns labeled Reference and SNP identify the base
present in the Founder and CB1014, respectively. Mutations are classified as synonymous (S) or
non- synonymous (N), based on whether the SNP results in an amino acid substitution in the
encoded protein. SNP frequency was calculated by dividing the number of substitutions
identified at a specific position by the sum of number sequences detected that include that
position for a given population. Position numbers are those assigned to E. coli MG1655.
SNP Frequency x 100
Mutant
Gene
Position Reference
SNP
Class
1-11
1-13
1-17
1-20
hofB

116428

G

A

S

--

--

42

13

yagW

305033

G

C

N

--

--

25

13

yagX

306927

C

T

N

--

--

7

4

yliG

876334

G

A

N

--

--

30

14

cydC

927416

C

T

N

---

---

4

3

nuoH

2394562

G

C

S

39

15

yfdF

2461525

G

A

S

43

15

recA

2820962

T

G

N

--

--

54

40

nlpI

3306455

A

G

S

---

---

46

17

--

3653245

C

A

NC

9

7

gltS

3825922

A

G

N

55

40

bglH

3898645

C

T

S

42

15

frvR

4086862

A

G

S

5

5

--

38

---

--

--

---

--

Table 3.2. cont.

Gene

Position Reference

SNP

Mutant
Class

uxuB

4552285

C

T

S

dnaT

4599105

G

A

N

SNP Frequency x 100
1-11
--

--

1-13

1-17

1-20

1

44

15

2

53

42

The TaqMAMA assay was used to verify the results obtained by sequencing.
Appropriate primers were obtained and 30 different single nucleotide polymorphisms found in
CB1014 were followed using the archived populations taken from lineage IR-1. These 30 SNPs
included the seven non-synonymous mutations, three synonymous mutations listed in Table 3.2,
that accumulate during selection, as well as 14 SNPs that according to the population sequence
data did not accumulate. In addition, primers were developed to follow three polymorphisms
found in ybhJ, yebN, and rbsR that appear in the Founder genome (and so in all of the ionizing
radiation resistant strains that evolved from the Founder), but not MG1655.
Table 3.3 summarizes the results of the TaqMAMA assay when applied to SNPs
associated with CB1014. Genomic DNA isolated from the Founder and from CB1014 provided
the expected results.

The primers designed for this analysis did not identify CB1014-specifc

SNPs in the Founder, but CB1014-specifc SNPs were the only signal detected in CB1014
genomic DNA. The frequency for a SNPs appearance in Founder DNA was 0.43 ± 0.05%.
Values are averaged over the 27 CB1014-specifc SNPs examined; these results reinforce those
reported in presented in Table 3.2 and confirm that (as reported in Chapter 2) the primers used
for the TaqMAMA protocol accurately discriminate between the wild type base and the SNP.
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S
N
N
N
N
F
N
N

116428

261858

305033

306927

457803

802885

841636

556376

hofB

proA

yagW

yagX

clpX

ybhJ

rlmF

folD

0.09±0.02

0.59±0.10

100±0.00

0.60±0.07

0.02 ± 0.00

0.39 ± 0.02

0.62±0.06

1.33 ± 0.11

40

99.72±0.08

99.55±0.09

99.98±0.02

99.25±0.12

100 ± 0.00

99.91 ± 0.00

99.63±0.08

98.13 ± 0.09

0.09±0.03

0.48±0.04

99.85±0.15

0.76±0.04

0.01 ± 0.01

0.27 ± 0.03

0.57±0.04

1.29± 0.11

0.08±0.01

0.47±0.08

99.88±0.10

0.68±0.08

0.08 ± 0.02

0.7 ± 0.04

0.58±0.04

2.84 ± 0.19

0.13±0.03

0.86±0.17

100±0.00

0.88±0.11

7.0 ± 0.05

25.45± 1.00

0.46±0.18

40.25 ±0.19

0.46±0.12

0.51±0.14

99.78±0.15

1.18±0.04

9.2 ± 0.51

16.20 ± 0.57

0.65±0.15

18.64 ± 0.44

Table 3.3. Thirty single nucleotide polymorphisms found in the CB1014 genome evaluated for accumulation during the evolution of
lineage IR-1. Archived populations 1-11, 1-13, 1-17, and 1-20 were evaluated for changes in SNP frequency using the TaqMAMA
assay. Genomic DNA from CB1014 and the Founder served as positive and negative controls, respectively. The copy numbers of
DNA sequences containing the SNP and wild type base at a given position were determined separately by quantitative PCR. SNP
frequency for each cycle was calculated by dividing the SNP copy number by the sum of the SNP copy number plus copy number of
sequences containing the wild type base. Values are the mean ± the standard deviation of SNP frequencies calculated after three
independent experiments (n=9). Position numbers are those assigned to E. coli MG1655.
SNP Frequency x 100
Mutant
Gene
Position
Class
Founder
CB1014
1-11
1-13
1-17
1-20

99.78±0.17

S
N
N
S
F

1409903

1413629

1444103

1870557

1873502

ttcA

recE

ydbL

yeaJ

yeaM

N (ter)
N

2058107

2215324

cbl

yehX

1903785

N

927416

cydC

yebN

1.13±0.17

N

876334

rimO

1.98±0.08

0.37±0.06

3.28±0.90

0.14±0.08

0.40±0.04

0.67±0.08

0.10 ± 0.6

0.01 ± 0.01

N

Position

Gene
Founder

Mutant
Class

Table 3.3. cont.

41

97.89±0.09

99.67±0.18

99.74±0.20

99.36±0.04

99.99±0.00

99.98±0.00

99.58±0.15

99.63±0.12

99.85 ± 0.05

99.77 ± 0.05

CB1014

1.67±0.12

0.68±0.07

99.83±0.10

1.09±0.05

4.37±1.42

0.14±0.06

0.56±0.12

0.57±0.06

0.10 ± 0.06

0.01 ± 0.01

1-11

1.75±0.68

0.64±0.12

99.85±0.10

1.14±0.08

3.73±0.60

0.16±0.04

0.68±0.08

0.61±0.09

0.37 ± 0.04

0.47 ± 0.06

1-13

SNP Frequency x 100
1-20

2.12±0.27

0.54±0.08

99.67±0.21

0.95±0.19

4.12±0.46

0.17±0.06

0.47±0.06

0.67±0.13

12.84 ± 0.36

3.23±0.32

0.74±0.17

99.73±0.17

0.87±0.06

4.07±0.95

0.16±0.02

0.34±0.11

0.63±0.04

4.67 ± 0.04

31.42 ± 1.51 15.67 ± 0.82

1-17

Mutant
Class
N
N
N
S
N
N
N
N
F
N

Position

2441067

2570543

2820962

3306455

3335355

3497167

3621491

3825922

3936524

4159346

Gene

mnmC

eutD

recA

nlpI

yrbC

cysG

yhhH

gltS

rbsR

fabR

Table 3.3. cont.

0.98±0.13

99.98±0.01

0.24 ± 0.04

2.18±0.43

0.60±0.12

0.17±0.05

0.12 ± 0.04

0.03 ± 0.00

0.05±0.02

0.86±0.12

Founder

42

99.23±0.29

99.99±0.00

99.64 ± 0.04

99.96±0.02

99.85±0.09

99.77±0.04

99.47 ± 0.09

99.35 ± 0.06

99.76±0.11

99.87±0.04

CB1014

1.23±0.21

99.95±0.02

0.27 ± 0.04

1.45±0.12

0.51±0.09

0.15±0.07

0.14 ± 0.03

0.02 ± 0.00

0.05±0.02

0.59±0.07

1-11

1.68±0.73

99.99±0.00

1.42 ± 0.16

1.18±0.23

0.74±0.21

0.13±0.08

1.1 ± 0.03

1.72 ± 0.18

0.27±0.03

0.75±0.12

1-13

SNP Frequency x 100

0.15±0.05

0.86±0.18

1-20

1.78±0.32

1.40±0.15

0.12±0.05

17.32 ± 0.5

1.89±0.09

100±0.00

1.93±0.72

99.89±0.005

52.45 ± 0.50 35.90 ± 1.28

1.71±0.21

1.21±0.18

0.11±0.02

47.37 ± 0.15

53.42 ± 0.17 43.72 ± 0.57

0.08±0.04

0.75±0.23

1-17

Mutant
Class
S
N

Position

4086862

4599105

Gene

frvR

dnaT

Table 3.3. cont.

0.81 ± 0.2

1.3 ± 0.07

Founder

43

98.89 ± 0.05

99.78 ± 0.05

CB1014

0.82 ± 0.12

1.36 ± 0.02

1-11

3.2 ± 0.31

1.76 ± 0.08

1-13

SNP Frequency x 100

7.65± 0.94

1-20

55.37 ± 0.65 46.74 ± 1.91

7.54 ± 0.27

1-17

3.3. Comparing the Genotype of CB1014 with Related Isolates
Once the alleles that accumulate under selection are identified through deep sequencing,
it should be possible to further refine this list by comparing those genetic alterations with alleles
that appear in other related isolates. If one assumes that the closer two related IR-resistant strains
are to each other the more likely they are to share the same mechanisms of protection from IR,
then comparing the genotypes of these isolates should further define the subset of genetic
changes required for IR resistance. CB1014 and CB1015 are closely related (Fig. 1.1), and
exhibit the same degree of IR resistance (Fig. 1.2), suggesting that they utilize the same
mechanisms of radiotolerance. CB1014 and CB1015 share eleven polymorphisms, the e14
excision/deletion and ten base substitutions, all of which accumulate as the lineage adapts to the
selective pressure. Only four of these base substitutions result in non-synonymous mutations
(Table 3.4), suggesting that at most five mutations account for the increase in IR resistance of
CB014 and CB1015.
Table 3.4. Mutations shared in CB1014 and CB1015 that accumulated in the irradiated
population as determined by ultra-deep sequencing. Archived populations 1-11, 1-13, 1-17, and
1-20 were sequenced (depth 255 X), and single nucleotide polymorphisms (SNPs) detected and
quantified for each position within the genome. The columns labeled Reference and SNP
identify the base present in the Founder and CB1014 (or CB1015), respectively. Mutations are
classified as synonymous (S) or non- synonymous (N), based on whether the SNP results in an
amino acid substitution in the encoded protein. SNP frequency was calculated by dividing the
number of substitutions identified at a specific position by the sum of number sequences detected
that include that position for a given population. Position numbers are those assigned to E. coli
MG1655.
SNP Frequency x 100
Mutant
SNP
Gene Position Reference
Class
1-11
1-13
1-17
1-20
hofB

116428

G

A

S

yliG

876334

G

A

N

nuoH

2394562

G

C

S

44

--

--

42

12

--

--

30

14

--

--

39

15

Table 3.4. cont.

Gene

Position Reference

SNP

Mutant
Class

SNP Frequency x 100
1-11

1-13

1-17

1-20

yfdF

2461525

G

A

S

--

--

43

15

recA

2820962

T

G

N

--

--

54

40

nlpI

3306455

A

G

S

--

--

46

17

gltS

3825922

A

G

N

--

--

55

40

bglH

3898645

C

T

S

--

--

42

15

uxuB

4552285

C

T

S

--

1

44

15

dnaT

4599105

G

A

N

--

2

52

42

Similarly, CB1014 and CB1015 are related to the strains CB1013 and CB1025 (Fig. 1.1),
exhibiting the same level of IR resistance (Fig. 1.2) to a 2,500 Gy exposure. CB1013 and
CB1025 share 20 polymorphisms that accumulate in the evolving lineage (Table 3.5), including
the e14 associated deletion and 19 base substitutions. Of these, only the e14 deletion and three
non-synonymous base substitutions are shared with CB1014 and CB1015. The base substitutions
results in amino acid substitutions in GltS (V255A), DnaT (R145C), and RecA (D276A). Some
combination of these four polymorphisms presumably results in the increased ionizing radiation
resistance of the isolates CB1013, CB1014, CB1015 and CB1025 and defines one of the
mechanisms of IR resistance observed in IR-1.
3.4. Testing whether the Alleles Common CB1013, CB1014, CB1015 and CB1025 Duplicate
the Ionizing Radiation Resistance Observed in these Isolates
The analysis reported above indicates that four genetic changes, alone or in combination,
are responsible for the IR resistance observed in the sub-lineage of IR-1 that includes CB1013,
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Table 3.5. Mutations shared in CB1013 and CB1025 that accumulated in the irradiated
population as determined by ultra-deep sequencing. Archived populations 1-11, 1-13, 1-17, and
1-20 were sequenced (depth 255 X), and single nucleotide polymorphisms (SNPs) detected and
quantified for each position within the genome. The columns labeled Reference and SNP
identify the base present in the Founder and CB1013 (or CB1025), respectively. Mutations are
classified as synonymous (S) or non- synonymous (N), based on whether the SNP results in an
amino acid substitution in the encoded protein. SNP frequency was calculated by dividing the
number of substitutions identified at a specific position by the sum of number sequences detected
that include that position for a given population. Position numbers are those assigned to E. coli
MG1655.
SNP Frequency x 100
Mutant
Gene
Position Reference
SNP
Class
1-11
1-13
1-17
1-20
ftsW

99207

A

G

N

cusA

598463

A

G

N

ybhJ

804535

G

A

--

890053

C

msbA

966949

--

--

--

5

21

--

--

2

21

N

--

--

1

24

T

NC

--

--

4

18

G

A

N

--

--

--

15

1286465

G

T

NC

--

--

--

--

ydcU

1511931

G

C

N

--

--

6

26

yneH

1610745

C

T

S

--

--

--

15

ynfF

1659029

G

A

S

--

--

4

24

yniA

1806324

A

G

N

--

--

5

22

astB

1825116

G

A

S

--

--

2

20
21

ruvB

1943323

C

A

N

--

--

--

asmA

2138470

G

A

S

--

--

4

26

recA

2820962

T

G

N

--

--
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40

--

3086156

G

A

NC

--

--

4

23

yhfX

3508808

C

A

N

--

--

5

22
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Table 3.5. cont.

Gene

Position Reference

SNP

Mutant
Class

SNP Frequency x 100
1-11

1-13

1-17

1-20

selA

3758316

C

T

S

--

--

5

20

gltS

3825922

A

G

N

--

--

55

40

yjgL

4475030

A

G

N

--

--

2

22

dnaT

4599105

G

A

N

--

2

52

42

CB1014, CB1015 and CB1025. Although this result has reduced the number of alternative
explanations for IR resistance in this group, I have not yet demonstrated that any of these
changes affects the phenotype. To provide unequivocal evidence that detecting an allele in an
evolving population predicts that allele’s involvement in IR resistance, I must establish whether
these alleles can confer radiotolerance on the parent strain. In other words, it is necessary to
transfer these alleles to the Founder and determine if the Founder expresses the same level of IR
resistance as observed with CB1013, CB1014, CB1015 and CB1025. Mutants were created using
modified Wanner method (Datsenko and Wanner, 2000) as described in the Appendix and
mutant alleles were transferred to the Founder using the P1 transduction.
3.4.1. Deletion of Prophage e14 does not Affect IR Resistance
None of the seven IR resistant isolates described in this study carried the prophage e14.
The prophage’s excision is presumed to be in response to IR-induced DNA damage and
induction of the SOS response (Greener and Hill, 1980). This prophage could not be detected in
any population sequenced, making this the only polymorphism common to every isolate
examined. Clearly the excision of e14 occurred before population IR-1-11 was generated. To
determine when excision took place, I employed quantitative using PCR primers specific for
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pinE, an e14-specfic gene that encodes a DNA invertase (Mehta et al., 2004). Since E. coli
MG1655 does not encode a pinE homologue, it was possible to follow phage excision by
tracking pinE abundance as a lineage evolved. The level of pinE in the population was
normalized by comparing its level to that of the recA gene. Functional RecA must be present to
initiate the SOS response (Little, 1982; Kuzminov, 1999). In the Founder, approximately 97% of
the population contains pinE; calculating the fraction of pinE present using this method
introduces a 3% error.
Figure 3.1 depicts the disappearance of e14 from the four lineages created by Harris et al.
Each study reveals that the fraction of cells containing pinE rapidly decreases with repeated
exposure to IR. With lineage IR-1, the level of pinE gene was reduced by 10% after a single
round of irradiation, and pinE could no longer be detected by 8th cycle of exposure. The
disappearance of pinE was even faster in the other lineages; prophage e14 could not be detected
after the 4th cycle of irradiation in IR-2, IR-3, or IR-4 (Fig. 3.1). Since IR resistance did not
increase in the populations examined until IR-1-12 in lineage IR-1, it was assumed that excision
of e14 did not significantly contribute to the phenotype.
To provide further evidence that loss of e14 had no effect, I transferred this allele from
EAW77, a ∆e14 derivative of MG1655 (Harris et al., 2009), to the Founder (parent of CB1013,
CB1014, CB1015 and CB1025), and tested the resulting strain, designated JBMP3, for IR
resistance. As illustrated in Figure 3.2, the resistance of the Founder was not altered by deletion
of the e14 prophage, even after a 2,500 Gy exposure the survival of JBMP3 and the Founder
were not significantly different (student t test, p=0.06, DF=18).

48

Disappearance of prophage e14 (pinE)
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Figure 3.1. Disappearance of prophage e14 (pinE) with evolution for radioresistance. The X-axis
denotes the cycle of evolutions and the Y-axis denotes the pinE allelic frequency normalized
against recA frequency. The different evolution series are denoted by different symbols: IR-1
series by closed circles, IR-2 series by closed squares, IR-3 series by open circles and IR-4 series
by open squares.
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Figure 3.2. The ionizing radiation resistance of JBMP3. JBMP3 is a ∆ e14 derivative of the
Founder (see text). Closed circles denote the survival of the Founder and open circles denote
survival of JBMP3. Values are mean ± SD (n=9).
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3.4.2. Expression of the Modified DnaT (R145C) has No Effect on Ionizing Radiation
Resistance
All IR resistant isolates, whether they were recovered from IR-1, IR-2, IR-3, or IR-4
carried a base substitution in at least one component in the replication restart primosome (Harris
et al., 2009), suggesting that modifying this complex is critical for IR resistance. Replication
forks stall when DNA damage is encountered and these forks must be reactivated to maintain
cell viability (Cox et al., 2000). Given the level of damage inflicted during the evolution of
lineage IR-1, it is not difficult to imagine how a change of function in one or more of these
proteins might facilitate recovery post-irradiation. Replication restart requires more than 20
proteins performing different functions, including removal of DNA damage, replication fork
reassembly, and completion of replication. Origin-independent replication fork reassembly
requires seven proteins; PriA, PriB, PriC, DnaB, DnaC, DnaG and DnaT. All of the alleles
detected thus far have been in the coding sequence for one of more of these proteins. Isolates
CB1000 and CB1012 express PriC (L163P), isolates CB1013, CB1014, CB1015 and CB1025
expresses DnaT (R145C) and the strain CB1024 carried the mutation in DnaB (L75S). Of these
the allele expressing DnaT (R145C) dominated in lineage IR-1; nearly 50% of IR-1-20 contained
this allele as determined through sequencing and the TaqMAMA assay (Tables 3.2. and 3.3).
The DnaT protein is an essential part for replication restart. Although, the protein itself
does not have any known intrinsic activity, it is essential for the sequential loading of different
components of replication restart machinery (Marians, 1992; McCool et al., 2004). The PriB
protein binds to DnaT and ssDNA. These binding sites overlap (Lopper et al., 2007) and DnaT
acts as a wedge to dislodge ssDNA from PriB, facilitating PriB’s interaction with DnaB, an
essential step in replication re-start.

50

To examine the role of this dnaT mutant in IR resistance, the allele was transferred into
the Founder, creating the strain JBMP4. Surprisingly, the resulting strain was no more
radioresistant than the Founder (Fig. 3.3).

Survival of JBMP4 was similar to the survival of

Founder at 2,500 Gy (student t test p=0.32, DF=18).
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Figure 3.3. The ionizing radiation resistance of JBMP4. JBMP4 is a derivative of the Founder
(see text) expressing DnaT (R145C). Closed circles denote the survival of the Founder and open
circles denote survival of JBMP4. Values are mean ± SD (n=9)
3.4.3. Expression of the Modified RecA (D276A) Increases Ionizing Radiation Resistance
The RecA protein is involved in double strand break repair through homologous
recombination (Cox, 2007). A base substitution mutation which encodes a modified RecA
(D276A) is found in the four IR resistant isolates CB1013, CB1014, CB1015, and CB1025. The
allele that gives rise to RecA (D276A), accumulates in lineage IR-1 (Tables 3.2. and 3.3) with
approximately 40% of the individuals in IR-1-20 carrying this allele. Transfer of this allele to
the Founder significantly increases the IR resistance of the resulting strain (Fig. 3.4).
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Figure 3.4. The ionizing radiation resistance of JBMR3. JBMR3 is a derivative of the Founder
(see text) expressing RecA (D276A). Closed circles denote the survival of the Founder and open
circles denote survival of JBMR3. Values are mean ± SD (n=9).
Strain JBMR3, the construct expressing RecAD276A, exhibits 45-fold greater viability
when compared to Founder at 2500Gy exposure (student t test, p= 0.0001, DF=16).

The

increased resistance observed when the recA (D276A) allele to the Founder is not influenced by
including the e14 deletion alone or in combination with the dnaT R145C allele (Fig. 3.5),
suggesting that that the recA (D276A) is necessary and sufficient for the increased IR resistance
observed in isolates CB1013, CB1014, CB1015, and CB1025. As illustrated in Fig. 1.2, CB1013,
CB1014, CB1015, and CB1025 are between 25 and 30 fold more resistant to IR when compared
to the Founder.
3.5. Summary
Harris et al. generated a group of seven ionizing radiation resistant isolates of E. coli
MG1655 using a protocol that is generically referred to as adaptive laboratory evolution.
MG1655 was iteratively exposed to increasing doses of IR for 20 cycles of irradiation, and the
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Figure 3.5 Inclusion of ∆ e14 and dnaT (R145C) in the background with recA (D276A) does not
increase IR resistance. Closed squares denote the survival of JBMR3 recA (D276A), open circles
correspond to JBMP3 ∆ e14, open diamonds correspond to JBMK1 ∆ e14, recA (D276A), and
closed circles correspond to JMBK7 dnaT (R145C), ∆ e14, recA (D276A). Values are mean ±
SD (n=9).
seven isolates obtained from the population created after the 20th cycle. The genomes of the
seven isolates were re-sequenced, but demonstrated very few common genetic changes leading
to the suggestion that more than one mechanism of IR resistance evolved during the protocol.
In an attempt to more precisely define those genetic modifications that caused IR
resistance, I employed ultra-deep DNA sequencing. Four populations archived from the protocol
that generated the IR resistant isolates were sequenced at 255X, allowing for an accurate
estimation of the frequencies with which alleles appear in those populations. This permitted me
to detect alleles that accumulate as a population evolves under selection helping me to identify
the genetic changes most responsible for adaptation to that selection. An allele will accumulate
in an evolving lineage, if it is carried by a cell with a selective advantage. Comparing the list of
alleles that accumulate with genome sequences of individual isolates provided a means of
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tagging alleles under selection in individual isolates for further study, separating those loci from
the myriad of polymorphisms that appear due to spontaneous or induced mutagenesis occurring
in the population.
The utility of the approach was established when I was able to narrow the potential
reason for IR resistance in isolates CB1013, CB1014, CB1015, and CB1025 to four
polymorphisms. Survival studies involving transfer of these polymorphisms to the Founder
permitted me identify a single change – a base substitution that modifies the RecA protein – that
results in the increased IR resistance of these isolates.

54

CHAPTER FOUR: CLUES TO THE MECHANISMS OF INCREASED IONIZING
RADIATION RESISTANCE OF CB1000, CB1012, AND CB1024
4.1. Introduction
In Chapter 3, I demonstrated that ultra-deep sequencing of populations obtained from an
evolving lineage could be used to localize the genetic changes responsible for IR resistance and
guide the analyses that established the genetic basis of the phenotype in individual IR resistant
isolates. As indicated in Chapter 1, lineage IR-1 exhibits three sub-lineages (Fig. 1.1), suggesting
two possibilities. 1) There may be three possible mechanisms of IR resistance; each lineage
representing different route to that phenotype. 2) Each sub-lineage represents a stage on the path
to IR resistance. CB1013, CB1014, CB1015, and CB1025 are less resistant to IR than CB1000,
CB1012, and CB1024 (Fig.1.2). If we assume that acquiring IR resistance is incremental with
different components being acquired at different times along the evolutionary trajectory toward
IR resistance, then it is possible that the recA (D276A) allele represents a step in the evolutionary
path that can be built upon by changes that appear in CB1000, CB1012, and CB1024 further
increasing IR resistance.
To initiate an investigation of these possibilities, I performed the analysis described in
Chapter 3, comparing the ultra-deep sequencing of populations IR-1-11, IR-1-13, IR-1-17, and
IR-1-20 with the re-sequenced genomes of CB1000, CB1012, and CB1024.
4.2. Predictions about Possible Mechanisms in CB1000 and CB1012
As indicated by the dendrogram in Figure 1.1, isolates CB1000 and CB1012 form a sublineage; they share the e14 deletion and 26 single nucleotide polymorphisms: 16 nonsynonymous mutations in coding regions, seven mutations in non-coding regions, and three
synonymous mutations in coding regions (Table 4.1).
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Table 4.1. Base substitution mutations shared between CB1000 and CB1012. Mutations are
classified as non-coding (nc), synonymous (syn) or non- synonymous (ns) based on whether the
SNP is found in a coding sequence and results in an amino acid substitution in the in the encoded
protein. Position numbers are those assigned to E. coli MG1655. The genome sequences of
CB1000 and CB1012 were reported in Harris et al. (2009).
Gene
Position
Class
dnaJ

14857

syn

ecfK

198849

ns

clpP

456127

ns

priC

489549

ns

NC

568019

nc

ybdL

633092

ns

dinI

1120539

ns

potD

1181794

ns

ydcM

1502187

syn

ydcS

1510249

ns

ddpF

1555689

ns

clcB

1663526

ns

NC

1859386

nc

NC

2535315

nc

hyfB

2600797

ns

NC

2808766

nc

hypF

2833488

ns

ygbJ

2859530

ns

NC

2932140

nc
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Table 4.1. cont.
Gene

Position

Class

lysR

2977775

ns

ygfU

3029566

ns

tktA

3077762

ns

NC

3250857

nc

fdhE

4078346

syn

pflC

4144596

ns

NC

4476359

nc

Among the seven mutations in non-coding regions, two mutations did not occur in
regulatory regions of the genes, three occurred near promoter sites of the genes and two in
binding sites of the repressors. The downstream effects of these mutations is not known,
however, all the downstream genes only encode for proteins involved in metabolism and I
assume these changes would not play a role in IR resistance. Assuming only non-synonymous
mutations that accumulate during adaptation as possible candidates, I was able to identify a
subset of sixteen polymorphisms that are likely to be responsible for IR resistance in CB1000
and CB1012 (Table 4.2). Of these polymorphisms, only the priC (L163P) allele can be linked
potentially to the common polymorphisms observed in isolates CB1013, CB1014, CB1015, and
CB1025. Like dnaT, the priC gene encodes for part of the replication restart primosome. It is
notable that none of the mutations shared between CB1000 and CB1012 appear before IR-1-13,
and that the priC allele appears later in evolution of IR-1 than the dnaT (R145C) allele that
characterizes isolates CB1013, CB1014, CB1015, and CB1025.
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Table 4.2. Mutations found in CB1000 and CB1012 that accumulated as lineage IR-1 was
exposed to ionizing radiation. Archived populations 1-11, 1-13, 1-17, and 1-20 were sequenced
(depth 255 X), and single nucleotide polymorphisms (SNPs) detected and quantified for each
position within the genome. All of the shared mutations were non-synonymous base substitutions
(ns). SNP frequency was calculated by dividing the number of substitutions identified at a
specific position by the sum of number sequences detected that include that position for a given
population. The dashes indicate that polymorphisms were not detected. Position numbers are
those assigned to E. coli MG1655.
SNP frequency X 100
Gene
Position
Class
1-11
1-13
1-17
1-20
clpP

456127

ns

--

--

4

22

priC

489549

ns

--

--

3

14

ybdL

633092

ns

--

--

4

17

dinI

1120539

ns

--

--

2

14

potD

1181794

ns

--

--

3

13

ydcS

1510249

ns

--

--

6

18

ddpF

1555689

ns

--

--

2

15

clcB

1663526

ns

--

--

5

13

hyfB

2600797

ns

--

--

4

14

hypF

2833488

ns

--

--

4

17

ygbJ

2859530

ns

--

--

4

17

lysR

2977775

ns

--

--

4

18

ygfU

3029566

ns

--

--

3

17

tktA

3077762

ns

--

--

5

19

pflC

4144596

ns

--

--

4

17
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In contrast to dnaT (R145C), the priC (L163P) allele causes a substantial increase in IR
resistance when transferred to the Founder. Strain JBM5 priC (L163P) increases resistance as
much as recA (D276A) does in the presence of dnaT (R145C) (Fig. 4.1.). There is a significant
(student t test, p=0.01, DF=11) 30-fold increase in resistance at 2,500 Gy in JBM5 compared to
JBMP4 dnaT (R145C). Recall that JBMP4 is as sensitive as the Founder. JBM5 is as resistant
as isolates CB1013, CB1014, CB1015, and CB1025, but it does not carry an altered RecA
protein.
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Figure 4.1. The ionizing radiation resistance of JBM5. Closed circles denote the survival of
JBM5 priC (L163P). The survival of JBMP4 dnaT (R145C) and JBMK7∆e14, dnaT (R145C),
recA (D276A) are denoted by open circles and closed squares, respectively. Values are mean ±
SD (n=9).
4.3. Predictions about Possible Mechanisms in CB1024
The isolate CB1024 has 55 polymorphisms when compared to the Founder (Harris et al.,
2009). As with all other isolates, it carries a deletion of the prophage e14. In addition, CB1024
has 37 non-synonymous including 3 nonsense mutations and 13 synonymous base substitution
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mutations and four bases substitutions in non-coding sequences. When this CB1024’s genotype
is filtered by matching it to the list of mutations that accumulate in IR-1 with selection, and
synonymous mutations removed, only eleven of these SNPs are present in IR-1-20 (Table 4.3).
Unlike the polymorphisms found in the other isolates, those in CB1024 did not accumulate in
great abundance within the population, most alleles comprised less than 3% of IR-1-20. The only
exception was the base substitution at position 3265098. However, although this mutation was
found in 36% of the population in IR-1-11, levels drop to approximately 5% in IR-1-20. This
result suggests that the change at 3265098 was not protective and that it was selected against
during the evolution of IR-1. An allele of recA, recA (A289S), appears in CB1024, and from
population sequence data it first appears in IR-1-13 – earlier than all of the other alleles in Table
4.3 except the yfjK (K294E) allele.
Table 4.3. Mutations found in CB1024 that accumulated as lineage IR-1 was exposed to ionizing
radiation. Archived populations 1-11, 1-13, 1-17, and 1-20 were sequenced (depth 255 X), and
single nucleotide polymorphisms (SNPs) detected and quantified for each position within the
genome. All of the shared mutations were non-synonymous base substitutions. SNP frequency
was calculated by dividing the number of substitutions identified at a specific position by the
sum of number sequences detected that include that position for a given population. The dashes
indicate that polymorphisms were not detected. Position numbers are those assigned to E. coli
MG1655.
SNP frequency X 100
Gene
Position
Class
1-11
1-13
1-17
1-20
dksA

160511

ns

--

--

2

2

yagR

299845

ns

--

--

2

2

mukB

978570

ns

--

--

2

1

ycbB

980297

ns

--

--

1

1

yebT

1917640

ns

--

--

--

1
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Table 4.3. cont.
SNP frequency X 100
Gene

Position

Class
1-11

1-13

1-17

1-20

yegL

2150962

ns

--

--

2

1

arnF

2371104

stop

--

--

--

1

yfjK

2760683

ns

--

2

6

2

recA

2820924

ns

--

3

3

2

NC

3265098

nc

36

25

12

5

kbl

3789997

ns

--

--

2

3

Strain JBMR2 recA (A289S) confers the same level of IR resistance to the Founder as
recA (D276A), suggesting that the resulting amino acid substitutions have a similar effect on
RecA protein activity (Fig 4.2). Assuming this to be true, it seems likely that there are additional
mutations that further increase the IR resistance of CB1024. It is also noted that although
CB1024 contains a modification in a component of the replication restart primosome, the dnaB
(L75S) allele does not accumulate and cannot be detected in IR-1-20.

Since every strain

sequenced from IR-1, IR-2, IR-3, and IR-4 contains a change in at least one of the proteins that
participate in replication restart, I must assume that the dnaB (L75S) plays a role in the cell’s
survival. The possible reason for the low abundance of this allele in the sequenced populations
is discussed in the next chapter.
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Figure 4.2. The ionizing radiation resistance of JBMR2. Closed circles denote the survival of
JBMR3 recA (D276A). Open circles denote the survival of JBMR2 recA (A289S) and open
squares depict the survival of E. coli MG1655 (Founder). Values are mean ± SD (n=9).
4.4. Identifying other Polymorphisms that Potentially Contribute to the IR Resistance of
CB1000, CB1012, and CB1024
To this point in these analyses, I have only examined the accumulation of those genetic
changes that that are associated with the seven sequenced isolates derived from IR-1-20. A
significant number of polymorphisms that do not appear in any of these isolates are detected in
the evolving lineage IR-1, and perhaps using the complete data set (polymorphisms found in the
seven isolates and novel polymorphisms that accumulate) can provide insight into those alleles
most likely to mediate IR resistance in CB1000, CB1012, and CB1024. As indicated above,
these isolates are more IR resistant than CB1013, CB1014, CB1015, or CB1025, and the pattern
of polymorphisms found in CB1000, CB1012, and CB1024 has limited overlap with the less
radioresistant isolates.
Ultra-deep sequencing identified 410 polymorphisms not detected in sequences of
CB1000, CB1012, CB1013, CB1014, CB1015, CB1024, and CB1025. All of the novel changes
are SNPs. There are 49 base substitutions in non-coding sequence and 361 point mutations in
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coding sequences, including 94 synonymous base substitutions, 36 frameshift mutations resulting
from a single base insertion or deletion, and 231 non-synonymous base substitutions that include
16 nonsense mutations. Supplemental Table lists all of these polymorphisms separating them by
mutant class. Clearly, these polymorphisms accumulate in the evolving population, indicating
that they are found in individuals that are adapting to IR exposure. Whether they represent
changes that lead to novel mechanisms of IR resistance cannot be determined from the data
available. Among 49 mutations in non-coding region, 32 mutations did not occur in the
regulatory regions of the genes. Twelve of those mutations occur in promoter region, one
mutation at position 1568546 occur in region where regulator binds for transcription of gene
encoding glutamate transporter. However, none of the genes involved here have been studied to
be part of DNA repair system. A mutation at position 1944082 is in region of LexA binding
involved in repression of expression of ruvB gene. The role of this particular mutation is unclear
and requires further study.
As demonstrated in Chapter 3, a thorough assessment of an individual allele’s role in IR
resistance requires knowledge of the genetic context in which the allele is found, and that
knowledge can only be obtained by characterizing the genotype of an IR resistant isolate.
However, it may be possible to glean information from the complete list of polymorphisms that
informs as to the potential involvement of alleles in the IR resistance of isolates CB1000,
CB1012, and CB1024. Just as the recA (A289S) and recA (D276A) alleles similarly affect IR
resistance; the appearance of multiple alleles at a given locus or a cluster of related loci suggests
that the encoded proteins are critical to cell survival. A related argument was used in Harris et
al. to infer a role for the replication restart proteins in IR resistance. In that circumstance, alleles
of functionally related genes were identified by comparing the genome sequence of a number of
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IR resistant isolates. By examining all of the alleles detected by ultra-deep DNA sequencing, it is
possible to ascertain how many different alleles appear at a given locus, and correlate that
number with a possible role for the gene product. Identifying a cluster of polymorphisms within
a single gene or genes of related function makes a compelling argument for their involvement in
IR resistance, especially if those loci are found within an IR resistant isolate. Ionizing radiationinduced DNA damage is random. Assuming that each locus has an equal probability (P) of
suffering a mutation during administration of IR, the probability of a single locus suffering
multiple independent mutations (n) is the Pn. For example, if the probability of randomly
creating a mutation at a given locus is 10-3, the probability of independently generating three
mutations at that locus is 10-9. The appearance of multiple independent alleles within the same
locus is an extremely rare event unless such alleles are being selected.
This approach for identifying loci that putatively contribute to IR resistance was
straightforward. Using the information in Tables 4.2 and 4.3, I determined how many distinct
alleles appeared within each gene present in the ultra-deep sequence data set. This was
accomplished by organizing the non-synonymous alleles in Supplemental Table by gene name,
and counting the number of times a gene name appeared in that list. Any locus that appeared
more than once was compared to the list of alleles in Tables 4.2 and 4.3. None of the genes that
were modified in CB1024 (Table 4.3) were found more than once in this data set. However,
when genes common to CB1000 and CB1012 (Table 4.2) were evaluated, four loci stand out:
clpP, dinI, ddpF, and ydcS.
The ClpP protein is a serine protease with a chymotrypsin-like activity that forms three
distinct protease complexes (ClpAP, ClpAPX and ClpXP) by associating with the ClpA and/or
ClpX proteins (Hwang et al., 1987; Wang et al., 1997). These complexes play a significant role
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in degrading damaged and improperly folded proteins (Gottesman, 1996). A total of eight
different missense mutations were detected in clpP following sequencing. In addition, two alleles
of clpX were also found.
DinI is a positive regulator of RecA function (Lusetti et al., 2004a; Lusetti et al., 2004b).
Given that the modified forms of RecA detected in IR-1 confer IR resistance on E. coli (Fig.
4.1), it is not difficult to envision a scenario where a change in a regulatory molecule increases
RecA availability, enhancing IR resistance. The dinI gene only appears once in the data set, but
was included here because eight different alleles associated with recombination and DNA double
strand break repair are present. These alleles include the two variations of recA discussed
previously, three alleles of ruvB, and single alleles of recB, recC, and recN.
The ddpF gene encodes a component of the DppABCDF dipeptide transport system
(Lessard et al., 1998). Null mutants in this gene are unable to utilize many didpeptides as a
substrate for growth. Alleles in two other genes encoding subunits of this transporter (ddpA and
ddpB) are found in the data set.
The ydcS gene encodes a subunit of a putative ATP-dependent spermidine/ putrescine
transporter (Zimmer et al., 2000). This uncharacterized transporter has four subunits: YdcS,
YdcT, YdcU and YdcV. YdcS is a putative periplasmic binding component. Two ydcS alleles
and a single ycdU allele appear in the data set.
4.5. Summary
The mechanisms responsible for the increased IR resistance of CB1000, CB1012, and
CB1024 are not easily defined through analysis of genome sequence data. Identifying recA
(A289S), priC (L163P), and dnaB (L75S) involved assuming that these alleles would substitute
for their counterparts that mediate the IR resistance of CB1013, CB1014, CB1015, and CB1025.
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Filtering the polymorphisms associated with CB1000, CB1012, and CB1024 with those detected
by ultra-deep sequencing produced a short list of candidate changes that could account for the
elevated radioresistance of these isolates, but these results were unsatisfying. None of the alleles
found in these isolates predominate in the populations examined. I cannot unequivocally argue
that the accumulation of these alleles in the evolving population specifies a role in IR resistance.
Neutral, even detrimental, alleles can be selected in these studies provided they are carried within
an individual that is selected. In our experiment conditions, E. coli MG1655 reproduces
asexually; there is no genetic exchange. Once a mutation is formed in an individual it is linked
to all other mutations in that individual. If that individual carries a mutation that is strongly
selected all linked mutations will be strongly selected as well (Chao and Cox, 1983; Lenski et
al., 1998).
Attempting to identify modifications that contribute to IR resistance by determining the
number of different alleles that arise in a given gene offers some promise going forward. One
can make a statistical argument that the appearance of multiple alleles at a single locus or within
related loci increases the likelihood of that gene/gene product participating in IR resistance.
Several loci were identified as targets for putative targets for investigation in the CB1000 and
CB1012 genomes. However, until genetic characterization is performed the role, if any, for
these genes in IR resistance remains speculative.
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CHAPTER FIVE: USING OF TaqMAMA ASSAY TO FOLLOW AN EVOLVING
POPULATION
TaqMAMA is an allelic discrimination assay that combines quantitative real time PCR
assay with a mismatch amplification mutation assay (Li et al., 2004). The technique was
introduced in Chapter 2, where I demonstrated that TaqMAMA could be used to calculate allelic
frequencies, closely reproducing those obtained from ultra-deep sequencing of DNA isolated
from populations archived from the evolving lineage IR-1. The results in Chapter 2 indicate that
the TaqMAMA assay can be used in place of sequencing, providing a faster and less expensive
protocol for evaluating changes in individual alleles in the lineage. Whereas ultra-deep
sequencing allows the investigator to identify every allelic change that accumulates within a
given population, the TaqMAMA assay examines only one allele, filtering out all of the others.
As described below, the technique provides a higher resolution look at the evolutionary
trajectory of specific alleles, defining when alleles appear and how they fluctuate during
adaptation.
5.1. Tracking recA (D276A) and recA (A289S) as Lineage IR-1 Adapts to High Level
Exposure to Ionizing Radiation
Homologous recombination is an important process in DNA double-strand-break (DSB)
repair and is facilitated by a number of proteins, including RecA (Cox, 2007; Harris et al., 2009).
The RecA protein binds to the single strand DNA and helps in strand invasion, resulting in
formation of Holliday junctions. IR-1 includes two mutations in recA – recA (D276A) and recA
(A289S) – and these alleles play a critical role in the increased IR resistance observed in five of
the seven isolates characterized in Chapters 3 and 4. The recA (D276A) accounted for all of the
increased IR resistance observed in CB1013, CB1014, CB1015 and CB1025, whereas recA
(A289S) significantly contributes to the resistance CB1024 (See Fig 4.1). Figure 5.1 diagrams
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the allelic frequency of these alleles in IR-1 as a function of time; the progression of populations
represents a chronology of the events that occur during IR-1’s adaptation to selection. This
analysis produces a very different image of the behavior of these alleles than that created by
summarizing the sequence data in Supplemental Table. By filling in the gaps between the
sequenced populations, it is apparent these allelic frequencies fluctuate as IR-1 evolves. The
peaks among the frequencies of recA (D276A) correspond to the low points in the frequencies of
recA (A289S), and vice versa. The abundance of the individuals carrying one allele appears to
influence the abundance of individuals carrying the other allele.
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Figure 5.1. Fluctuations in the frequency of the recA (D276A) and recA (A289S) alleles in
lineage IR-1. Frequencies for each population were determined by the TaqMAMA assay. Lines
are included in the figure to assist in following the pattern and are not intended to imply a linear
trajectory between each point.
5.2. Tracking Changes in Genes Associated with the Replication Restart Primosome as
Lineage IR-1 Adapts to High Level Exposure by Ionizing Radiation
As mentioned in Chapter 4, the dnaB (L75S) allele does not accumulate in the
populations sequenced, forcing me to question the significance of this allele to IR resistance.
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However, the results in Figure 5.1 suggest that related alleles affect the relative abundance of
each other and may provide an explanation for the low abundance of dnaB (L75S) in IR-1. Is
the appearance of dnaB (L75S) affected by the presence of other related alleles in the
population? I tested whether an effect similar to that observed in Figure 5.1 could be detected
among the alleles that encode components of the replication restart primosome.
Bacterial replication starts with the formation of two replication forks at oriC site of
chromosome (Marians, 2000). These replication forks stall when they encounter DNA damage,
strand breaks, or a D loop created during recombination. Replication must be restarted from
these stalled forks and replication restart is an important housekeeping function facilitating the
survival of organism. Replication restart is carried out by seven proteins, PriA, PriB, PriC,
DnaB, DnaC, DnaG and DnaT, and can be classified as PriA-dependent and PriA-independent.
The PriA-dependent pathway is the major path used in E. coli. The protein PriA binds with high
affinity to the D loops formed by recombination process at strand breaks and directs replication
fork assembly (Marians, 2004). The PriA protein is ATP dependent 3’ to 5’ helicases, which
catalyzes formation of multiprotein complex with PriB and DnaT that is required for re-loading
the replisome at that collapsed replication fork. This complex transfers the replicative helicase
DnaB and primase DnaG to the replication fork. In PriA-independent pathway, the protein PriC
protein recognizes the stalled replication fork, which also recruits the components of the
replisome to the replication fork. In PriA-independent replication restart DNA replication is
initiated by Rep proteins (Cox et al., 2000; Heller and Marians, 2007; Lopper et al., 2007).
Seven alleles associated with the replication restart complex were detected in lineage IR1. They include dnaB (L75S), dnaB (K399N), dnaC (M25T), dnaG (H410Y), dnaT (R145C),
priA (M309T), and priC (L163P). Based on DNA sequencing, the dnaT allele predominates in
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this population, a fact reflected in its appearance in four of the seven isolates sequenced from IR1-20. Among the remaining alleles, priC (L163P) was the most abundant in IR-1-20, comprising
14% of the population. Figure 5.2 tracks the changes in allelic abundance in the three alleles
found in IR resistant isolates: dnaB (L75S) found in CB1024, dnaT (R145C) found in CB1013,
CB1014, CB1015 and CB1025, and priC (L163P) found in CB1000 and CB1012. The dnaT
allele is first detected in the population IR-1-13. This allele sweeps through the population
quickly; in population IR-1-16 dnaT (R145C) is found in 67% of the population. Instead of being
maintained at this level, the frequency begins to drop and by IR-1-19 the frequency is 36%. This
drop corresponds with an increase in the abundance of dnaB (L75S) and priC (L163P) in the
population. In population IR-1-20, the level of dnaT (R145C) increases to 47% and there is a
concomitant decrease in the level of dnaB (L75S). The same interplay between alleles (or more
properly individuals carrying these alleles) observed when following the recA alleles (Fig. 5.1) is
apparent among the alleles examined in Figure 5.2.
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Figure 5.2. Fluctuations in the frequency of the dnaB (L75S), dnaT (R145C), and priC (L163P)
alleles in lineage IR-1. Frequencies for each population were determined by the TaqMAMA
assay. Lines are included in the figure to assist in following the pattern and are not intended to
imply a linear trajectory between each point.
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5.3. Evolutionary Dynamics
To explain the behaviors depicted in Figures 5.1 and 5.2, it is necessary to define the
adaptation of E. coli to IR in the context of evolutionary theory. Ionizing radiation is a strong
selective agent that is also a powerful mutagen.

The mutations induced by IR result in

modifications to an individual’s physiology that may be beneficial or detrimental, and there is a
probability associated with the appearance of either type of modification.

The effect of a

beneficial mutation can be negated by the generation of a detrimental mutation at any point in the
evolutionary process. Thus, detrimental mutations influence adaptation in two significant ways:
1) they slow down the process; it takes longer for beneficial mutations to be fixed in the
population, and 2) they permit competing beneficial mutations to arise in the adapting
population. Assuming that multiple mutations of similar effect can arise in the population,
suppressing the rate at which a single mutation sweeps through a population increases the
probability that a beneficial mutation with a large effect will be selected and ultimately
predominate in the population. The appearance of two recA alleles with similar biological effect
(Fig. 4.1) is evidence of this phenomenon occurring in IR-1.
Since E. coli cultures are an asexually reproducing population, the individuals that make
up IR-1 do not transfer DNA. Individuals give rise to clonal progeny, and if more than one
beneficial allele exists in a population, their progeny will compete against one another as the
population evolves, often leading to the loss of one of the beneficial mutations. This process is
referred to as clonal interference (Gerrish and Lenski, 1998), and it plays a major role in shaping
the composition of adapting asexual populations. It is my belief that the reciprocal changes in
allele abundance evident in Figures 5.1 and 5.2 are tangible evidence of clonal interference in
IR-1 as that lineage evolves.
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During evolution, beneficial mutations of greater fitness (large effect mutations) are fixed
more rapidly and the beneficial mutations with small effect tend to be lost either due to the
random effects of genetic drift or clonal interference as discussed above (Rozen et al., 2002). In
a large population of bacteria subjected to random mutagenesis, most of mutations generated are
not beneficial. Thus, mutations that are fixed early in evolution tend to be the mutations with the
highest fitness. Given this argument, one could suggest that dnaT (R145C) is the allele with
highest fitness (Fig. 5.2) among the changes in replication restart proteins, but the effect of this
mutation, alone or with recA (D276A), is negligible with respect to IR resistance (Fig. 3.3 and
4.1). As discussed in Chapter 3, the recA (D276A) allele accounts for most of the IR resistance
observed in CB1013, CB1014, CB1015, and CB1025. In other words, the dnaT (R145C) allele
behaves like a neutral mutation that is possibly hitchhiking with recA (D276A).

If this is true, it

argues that dnaT (R145C) was present in the background of the individual that first acquired
recA (D276A). As recA (D276A) began to rapidly accumulate or “leapfrog” (Gerrish and
Lenski, 1998) within IR-1, dnaT (R145C) was carried along (Fig. 5.4).
5.3.1. Evidence for Hitchhiking in IR-1
Since E. coli is asexual, all mutations that appear in an individual bacterium are linked to
one another; the genome does not undergo recombination so a set of alleles are not rearranged as
progeny are generated. When a beneficial mutation arises, it is linked to all other mutations in
that individual. Selection for the beneficial mutation indirectly selects for all of the linked
mutations as well. This indirect selection is alternatively referred to as hitchhiking (Chao and
Cox, 1983) or a second order selection (Jayaraman, 2011). The spread of mutator mutations
(mutations that increase the mutability of the strain to survive a hostile environment) are a wellstudied example of indirect selection (Mao et al., 1997; Lenski et al., 1998; Tenaillon et al.,
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2001). Mao et al., (1997) demonstrated that an entire population of E. coli was enriched with
mutators after two rounds of selection for antibiotic resistance. Mutator mutations are potentially
detrimental, but antibiotics are so strongly selective that if a mutator is present in a background
that is antibiotic resistant, the mutator phenotype will be maintained, and will accumulate in the
population
As illustrated in Figure 5.3, indirect selection is occurring in population IR-1. The graph
compares the appearance and changes in the frequencies in three alleles that accumulate in IR-1:
recA (D276A), hofB (T223T), and nlpI (P163P). As indicated by the absence of an amino acid
substitution, the mutations in hofB and nlpI are synonymous, but like recA (D276A) these alleles
accumulate rapidly in the IR-1 with a trajectory that almost mirrors that of the recA (D276A)
allele. There is no evidence that the hofB of nlpI mutations affect the cell. Their protein
composition has not changed, and the base substitution is not expected to alter protein
expression. The codon usage ratio is not altered by either base substitution (Zhang et al., 1991;
Chen and Texada, 2006), and there is no expectation of altered rates of protein synthesis. Since
these synonymous mutations should not confer a selective advantage, the accumulation of these
polymorphisms is most likely the result of their hitchhiking within a subset of individuals
carrying recA (D276A) in the background. The hofB and nlpI mutations were only detected in
isolates CB1014 and CB1015, suggesting that the mutations arose after individuals with recA
(D276A) began to propagate in the evolving population. This argument is supported by the
consistently lower abundance of the hofB and nlpI alleles relative to the recA (D276A) allele and
the uncoupling of their fate from that of recA (D276A) in IR-1-20 (Figure 5.3).
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Figure 5.3. Evidence for indirect selection (hitchhiking) during the adaptation of lineage IR-1 to
high dose ionizing radiation. The recA (D276A) allele is contributes to IR resistance, the hofB
and nlpI alleles are synonymous mutations. Frequencies for each population were determined by
the TaqMAMA assay. Lines are included in the figure to assist in following the pattern and are
not intended to imply a linear trajectory between each point.
Figure 5.4. superimposes the evolutionary trajectories of recA (D276A) and dnaT
(R145C) as IR-1 evolved. It argues that unlike the situation with the hofB and nlpI alleles, the
recA mutation arose in an existing dnaT (R145C) background, a fact supported by the order with
which these alleles were first detected by DNA sequencing in IR-1 (Supplemental Table). As
the fate of individuals carrying recA (D276A) changes, those changes are precisely reflected in
the frequencies of the dnaT (R145C) allele in the population.
5.4. Summary
The TaqMAMA assay was introduced in Chapter 2 as a method of confirming the results
obtained from ultra-deep population sequencing. In this chapter, I briefly explored this
technique’s potential as a means of following evolutionary dynamics. The TaqMAMA assay
allowed me to follow the fate of individual alleles during adaptation and to monitor clonal
interference and indirect selection directly in an evolving population. Combined with ultra-deep
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Figure 5.4. Evidence that the dnaT (R145C) allele and recA (D276A) alleles are linked.
Frequencies for each population were determined by the TaqMAMA assay. Lines are included
in the figure to assist in following the pattern and are not intended to imply a linear trajectory
between each point.

sequencing, TaqMAMA provides an unprecedented ability to study evolution at the level of
genetic change in clonal populations.

75

CHAPTER SIX: DISCUSSION AND CONCLUDING REMARKS
6.1. The Use of Ultra-deep DNA Sequencing as a Method for Detecting those Alleles Most
Responsible for an Adaptive Phenotype
Harris et al. (2009) generated an IR resistant phenotype in individual isolates of E. coli
MG1655 (Founder) by selecting for the characteristic. Cultures derived from single colony
isolates of the Founder were subjected to 20 cycles of exposure to gamma irradiation and
outgrowth. The dose of IR was adjusted so that it killed 99% of the population. The survivors
were then grown to stationary phase and a portion of this outgrown population was used to
initiate the next cycle of irradiation; the remainder was stored at -80oC. After the 20th cycle, it
required 10,000 Gy to reduce the resulting population (designated IR-1-20) to 1% survival.
Seven single colony isolates were obtained from IR-1-20, and their ability to stably resist IR was
confirmed. The individual isolates exhibit a 25 to 500 fold increase in IR resistance at 2,500 Gy
when compared to the founder (Figure 1.2). The genomes of the seven isolates were resequenced and analysis of these sequences revealed a number of polymorphisms that presumably
include the changes that resulted in the IR resistant phenotype.
Approximately 97.5% of the polymorphisms were base substitutions. A small number of
insertions and deletions were also observed. The total number of polymorphisms found in a
single isolate ranged from 40 to 71. Of these polymorphisms, 50-60% were non-synonymous
mutations; mutations that affect the coding sequence a protein, possibly altering protein function.
However, each of the seven re-sequenced genomes presented a distinct pattern of
polymorphisms. The loci modified in a given IR resistant isolate exhibited very little overlap
with polymorphisms detected in the other isolates even when one considered overlap among
genes that encode proteins with related functions. Only two polymorphisms seemed to link the
seven isolates. All isolates carry a deletion of the prophage e14, which is known to excise in
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response to DNA damage as part of the SOS response, and all isolates exhibit an allele that
resulted in modification of at least one of the proteins that make up the replication restart
primosome.
Point mutations were seen in many other loci, including genes that encode for functions
needed in DNA repair ( recA, ruvB ), cell division (ftsW, ftsZ), and proteolysis (clpX, clpP);
functions that based in our understanding of IR resistant in other species could be involved in
mediating the IR resistance of these strains. Unfortunately, none of these mutations could be
unequivocally associated with all of the isolates. Since IR-induced DNA damage is distributed
randomly throughout the genome and mutations would be introduced each time the population
was exposed to IR, there is a formal possibility that many of the polymorphisms observed in the
individual genome sequence arose near the end of the treatment protocol (for example, within the
last cycle of irradiation). Thus, a simple comparison of re-sequenced genomes proved inadequate
as a method for identifying the alleles critical to IR resistance in these isolates. In addition, it is
possible that more than one mechanism can mediate IR resistance and that a consensus genotype
does not exist, different isolates could represent fundamentally different strategies of
radiotolerance.
In the studies presented here, I took a different approach to sorting out whether a given
allele is required for IR resistance. Knowing the genotype of the seven isolates (CB1000,
CB1012, CB1013, CB1014, CB1015, CB1024, and CB1025) and knowing that they were
isolated from the same stage in the evolution of lineage IR-1, I decided to use ultra-deep DNA
sequencing of the evolving lineage as a method for assessing the significance of a particular
allele. Assuming that mutations found in individuals selected during adaption will predominate
in the evolving lineage, I sequenced four archived populations. These populations represented
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four temporally distinct stages in the evolution of IR-1 with population IR-1-11 the earliest and
IR-1-20 is latest stage in the evolution of IR resistance. IR-1-20 was the stage from which the
seven isolates were obtained. If an allele accumulated during adaptation, I took that event as an
indication that the individual carrying that allele was being selected. An allele’s predominance in
a population was used as a measure of that allele’s potential significance to the IR resistant
phenotype. By itself, the ultra-deep sequence data (Supplemental Table) was not much more
informative than the comparison of the individual re-sequenced isolates, but this data set did
filter out much of the potential noise that could accumulate during adaptation. A mutation must
be present in at least 0.5% of the population to be reliably called a polymorphism. The ultra-deep
sequence data represents all of the individual genotypes that under selection achieve this
threshold during the evolution of IR-1. I hypothesized that among this list of alleles are those that
built the IR resistant phenotype.
To separate the relevant alleles from those that hitchhiked their way onto the list, it was
necessary to compare the alleles that accumulate with the genotypes of individual isolates known
to be IR resistant. I knew that these isolates carried a subset of alleles that conferred IR
resistance, and I assumed that these alleles would accumulate allowing me to winnow the
possibilities to a more manageable number. (Recall that the IR resistant isolates contain between
40 and 71 distinct polymorphisms.)
The potential utility of this approach becomes obvious if one asks what types of
mutations accumulate as the population adapts. Collectively, 299 distinct polymorphisms were
identified in the seven IR resistant isolates. These polymorphisms included a number of different
types of mutations. Of the 299 polymorphisms, only 82 accumulated as IR-1 evolved. These
included the deletion of e14, 46 missense mutations, 22 synonymous mutations, one non-sense
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mutation and 12 base substitution in a non-coding region of the genome. None of the remaining
mutations in the non-coding regions, the nonsense mutations, or the frameshift mutations
detected in the seven isolates appears in IR-1. Clearly, missense mutations are selected
preferentially, suggesting a bias toward alleles that potentially alter protein function. If we
assume that all of the synonymous mutations are neutral and are hitchhiking with a beneficial
missense mutation, the number of alleles that are candidates for involvement in IR resistance
drops to 46. This number is still far too high to formulate a rationale approach to evaluating the
role of individual alleles in IR resistance by experimentally transferring combinations of alleles
to the Founder. However, the genotypic differences between the seven isolates now can be used
to advantage, permitting to whittle down the subset of alleles affecting IR resistance in cluster of
related isolates. The most closely related isolates presumably carry the same subset of alleles
that mediate IR resistance. I believed that comparing their genomes would provide an even more
refined view of the alleles most responsible for the phenotype.
For four of the isolates (CB1013, CB1014, CB1015, and CB1025) this approach to
analysis worked very well. These four isolates are related (Fig. 1.1), forming a distinct clade or
sub-lineage within IR-1. Comparing the re-sequenced genomes of these isolates to the ultra-deep
DNA sequence data set, excludes all but three alleles [∆e14, recA (D276A), dnaT (R145C)] from
a possible role in IR resistance in these isolates. Construction of strains that placed these alleles
into the Founder revealed that ∆e14, and dnaT (R145C) had no effect on radioresistance, and that
most of the radioresistance observed in these four isolates could be attributed to the mutation
affecting RecA.
The approach was less than successful when applied to CB1000, CB1012, and CB1024.
CB1000 and CB1012 form a sub-lineage within IR-1, sharing 27 polymorphisms including the
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e14 deletion. This subset of shared alleles included 15 polymorphisms in common with the ultradeep DNA sequence dataset. Among these alleles was priC (L163P), which was not unexpected
given that every isolate from every lineage examined by Harris et al. included an allele in one of
the genes that encodes a component of the replication restart primosome. We assessed the
influence of this priC allele on radioresistance and found that it increased viability approximately
30-fold relative to the Founder at 2,500 Gy. This result was surprising because it contrasted with
the lack of effect observed when the dnaT (R145C) was placed in the Founder. The presence of
the dnaT (R145C) allele does not enhance IR resistance when transferred alone or in
combination with recA (D276A) to the Founder. The dnaT (R145C) allele behaves like a neutral
mutation, linked to recA (D276A). As such, dnaT (R145C) accumulates rapidly in the
population. The priC (L163P) allele does not accumulate, rising to approximately 14% of
population IR-1-17, but then dropping off. Clonal interference is presumably responsible for the
suppression of individuals carrying priC (L163P). Since the recA (D276A) dnaT (R145C)
combination arises early in adaptation, accumulating in greater than 60% of the individuals in
IR-1-16, I assume that it is competition with these individuals that interferes with priC (L163P)
becoming more predominant in IR-1.
Among the 14 other polymorphisms, common to CB1000 and CB1012 that accumulated
with selection, four are of particular interest. Potential change of function mutations in clpP,
dinI, ddpF, and ydcS stand out. DinI is a negative regulator of RecA function (Lusetti et
al.2004a), and given the obvious involvement of RecA in five of the six isolates, it seems an
obvious target for future analysis. The clpP, ddpF, and ydcS genes are singled out because the
ultra-deep DNA sequence dataset detected clusters of mutations within these genes or within in
closely related genes.

ClpP, DppF, and YdcS are components of protein complexes. The
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probability of randomly generating multiple mutations within related loci and then nonspecifically selecting all of these loci is extremely low. In future studies, it would be instructive
to determine if the number of times that related loci are modified correlates with the IR resistant
phenotype.
The assessment of CB1024 was even more problematic than that of CB1000 and
CB1012. There is no sister isolate to compare against, and none of the alleles that accumulate in
CB1024 amount to more than 3% of the evolving population. In addition, none of the genes that
accumulate in IR-1 and are associated with CB1024 show evidence that mutations cluster within
them or in related loci. As with CB1013, CB1014, CB1015, and CB1025, CB1024 carries a recA
allele, recA (A289S), which confers an approximately 30-fold increase in resistance to 2,500 Gy
relative to the Founder. CB1024 also carries dnaB (L75S), an allele that although it appears in
IR-1-17, can no longer be detected by sequencing in IR-1-20. At this point, I suspect that
CB1024 confers IR resistance through the modified RecA and DnaB proteins, reiterating parts of
what we observed in the other two sub-lineages. This conclusion assumes that these mutations
contribute synergistically to IR resistance and that dnaB (L75S) behaves more like priC (L163P)
than dnaT (R145C), increasing IR resistance when present in the background.
My studies using ultra-deep DNA sequencing of evolving populations to identify those
alleles most responsible for the IR resistant phenotype were a qualified success. In the
circumstance where the critical alleles predominate in the population and there are high quality
genotypes to compare with the deep sequence, the protocol outlined performed as predicted. I
was able to eliminate most of the alleles that arose during treatment with IR, focusing attention
on a small number of possibilities that I could then directly test for their contribution to the
phenotype. In this way, I concluded that isolates CB1013, CB1014, CB1015 and CB1025 owe
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their resistance to a change in the RecA protein, confirming a prediction made by Harris et al.
after they compared the genotypes of these isolates in their study.
The possible reason for the increased radioresistance by two modified RecA proteins:
RecA (D276A) and RecA (A289S) could be due to difference in their biochemical activities
(Harris et al., 2009). Both these positions are located on the surface of the C-terminal domain of
protein that binds to major groove of DNA as determined by crystallographic and nuclear
resonance studies (Story and Steitz, 1992; Karlin and Brocchieri, 1996) and thus modifications in
these positions could lead to difference in their affinity to DNA and thus their biochemical
function.
The RecA protein of radioresistant bacteria, Deinococcus radiodurans differ
biochemically from RecA of radiosensitive E. coli in promoting strand exchange through inverse
pathways. During homologous recombination, the Dr RecA forms a complex with dsDNA first
before taking up the ssDNA for the event compared to Ec RecA which forms a complex with
ssDNA first (Kim and Cox, 2002). Also, the Dr RecA hydrolyzes dATP faster than the Ec RecA
and thus uses less ATP to complete the recombination event. The alignment study using the 63
RecA sequences showed a similarity of 43 to 100% at the amino acid level. The positions 276
and 289 are 85% conserved in the RecA sequences of 63 bacterial species (Karlin and
Brocchieri, 1996). The variation in D. radiodurans RecA at the conserved positions 276 and 289
are glycine and serine respectively. The change at position 276 from the conserved aspartic acid
to glycine in Dr RecA or alanine/ asparagine in forced evolved E. coli changes the negative
charge of amino acid, aspartic acid in both cases which could contribute to altered DNA binding
and biochemical activity in similar manner in both cases. Similarly, the nonpolar amino acid
alanine at 289 position is converted to polar amino acid serine in both cases of D. radiodurans
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and forced evolved E. coli and thus may lead to different preferential DNA binding than wild Ec
RecA protein.
The strategy of comparing and existing genotype with deep population sequence was not
as robust when the genotypes did not predominate in the population. I did not anticipate the
strong effect that clonal interference would have on different isolates. The sequence data and
TaqMAMA analysis clearly show that the recA (D276A) allele establishes an early dominance in
IR-1, accumulating until greater than 60% of the individuals in the population carry this allele.
Since recA (D276A) confers elevated resistance, it sweeps through the population rapidly.
Individuals expressing alternative mechanisms for increasing IR resistance that are associated
with other alleles must compete with individuals carrying recA (D276A). This competition is
most likely resulting in the reduction and eventual loss of strains expressing the alternative
mechanisms. Thus, situations like that observed with CB1024 can arise where and presumably
adaptive allele like dnaB (L75S) disappears from population IR-1-20. As an individual CB1024
is very resistance, but because of clonal interference it does not accumulate as predicted. Using
ultra-deep DNA sequencing is useful in predicting the most prevalent genotype in an adapting
asexual population, but its application to less prevalent genotypes demands a more equivocal
interpretation.
6.2. The Mechanisms of IR Resistance in the Isolates of IR-1-20
Despite the failure to unequivocally identify all of the alleles associated with the IR
resistant phenotype, it is possible to make some predictions concerning the mechanisms that
mediate the process in the seven isolates examined in this study. Harris et al. concluded that
multiple distinct mechanisms were involved, because they could not clearly identify overlapping
subsets of alleles that accounted for IR resistance. In that study they examined the role of recA
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(D276A) and found an effect similar to that reported here. However, they did not realize that four
of the seven isolates examined were at least 25-fold more sensitive to IR than the other three.
This fact suggests the possibility that the acquisition of IR resistance is the consequence of the
sequential addition of alleles as the population adapts, and that the isolates reflect different stages
in that adaptation. In this scenario, the evolving population would include a mixture of
individuals, some of which carry all of the alleles needed to generate the most IR resistant
phenotype, and others which have acquired fewer of these alleles. I argue that CB1013, CB1014,
CB1015, and CB1025 are isolates that carry the minimal set of alleles needed for increased IR
tolerance. The evidence presented suggests that dnaT (R145C) arose first and that recA (D276A)
appeared in that background shortly afterward. Individuals carrying this combination of alleles
rapidly expanded in the population and suppressed through clonal interference the rise of other
better adapted strains. These better adapted strains carried additional mutations that enhanced
their IR resistance, but because they arose after the dnaT (R145C) recA (D276A) combination
they could not gain a place of prominence in IR-1.
If we assume that the effect of the dinI mutation found in CB1000 and CB1012 produces
an effect that is equivalent to the change of function mutations that generated the RecA (D276A)
and RecA (A289S) proteins, all seven isolates include changes that affect homologous
recombination and the replication restart primosome. I suggest that changing these two processes
may account for all of the IR resistance observed in even the most IR resistant isolates.
To develop this argument, I reiterate the following observations. 1) When a MG1655
construct expresses RecA (D276A) or RecA (A289S), the strain is approximately 30-fold more
IR resistant than the Founder. This increase in IR resistance accounts for all of the IR resistance
observed in four of the isolates. 2) When an MG1655 construct expresses PriC (163P), the strain
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is approximately 30-fold more IR resistant than the Founder. 3) The dnaT (R145C) allele is
neutral; this change does not influence IR resistance. 4) Every IR resistant isolate of E. coli
MG1655 (Founder) carries an allele of a gene encoding one of the proteins involved in
replication restart.
I believe that the combination of one of these recA alleles (I include the dinI allele in this
group.), and most of the alleles associated with the replication restart primosome is responsible
for the highest level resistance observed in these isolates. This postulate is based on the
independent effects of the recA and priC alleles on IR resistance, and an assumption that the
mutations in the primosome can affect more than just the cell’s ability to deal with IR. The
protocol used to generate these isolates included a second unintended selection. All individuals
that survived irradiation had to replicate at the same rate. If they did not, they would quickly
disappear from the adapting population. If you assume that changing the replication restart
primosome proteins could influence the rate of cell division and potentially impact
radiotolerance, then it may be possible to find mutations that affect one process without
influencing the other. If correct, this arrangement would explain why CB1013, CB1014,
CB1015, and CB1025 have lower resistance than CB1024, and why the dnaT (R145C) allele
accumulated so rapidly in the evolving population. Such speculation is testable, and in the future
placing a combination of the recA (D276A) and priC (L163P) alleles or the recA (A289S) and
dnaB (L75S) in the Founder and demonstrating IR resistance akin to that observed for CB1000,
CB1012 or CB1024.
6.3. Monitoring Evolutionary Dynamics in a Population under Selection
Even though the initial rationale for using the TaqMAMA assay was to provide a means
of validating the results obtained from ultra-deep DNA sequencing, it became apparent that the
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technique provided a convenient method for following changes in the abundance of individual
alleles as a function of time. Applying the TaqMAMA assay offers two advantages over the
exclusive use of ultra-deep sequencing as performed in this study. First, it is more sensitive than
sequencing, reproducibly detecting polymorphisms present below the level of detection available
with 255X sequence coverage. For example, TaqMAMA established that recA (D276A) could
be detected in IR-1-13; ultra-deep sequencing did not detect it until IR-1-17. Thus, TaqMAMA
may be more useful in identifying the first detectable occurrence of a mutation in a population
during evolution. Second, the TaqMAMA assay is less expensive and more easily applied when
many stages in an adaptation are being investigated. Provided one knows the base sequence of
the polymorphism of interest, TaqMAMA allows a more detailed assessment of an allele’s
evolutionary trajectory.
In Chapter 5, I demonstrated the utility of this approach. I was able to provide direct
experimental evidence that the processes of indirect selection and clonal interference are
occurring in the adapting population IR-1. I was able to reveal indirect selection by following
changes in the relative abundance of two synonymous mutations in the hofB and nlpI genes
mirrored the movement of the recA (D276A) allele as it swept into IR-1. As the frequency of
recA (D276A) increased or decreased, the frequency of these synonymous mutations changed in
equal proportion. There is no evidence that either synonymous mutation affects IR resistance,
but these parallel changes indicate that they are part of the genotype that includes recA (D276A),
hitchhiking with that allele.
I was able to verify the role of clonal interference in IR-1, by showing how recA
(D276A) and dnaT (R145C) compete with related alleles during adaptation. The relative
abundance of recA (D276A) influenced the abundance of recA (A289S). As the amount of recA
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(D276A) increased, the frequency of recA (A289S) decreased and vice versa, indicating this
competition. Similarly, decreased levels of dnaT (R145C) in IR-1 are matched with increases in
priC (L163P) and dnaB (L75S).
The ability to follow evolutionary dynamics in this level of detail are unprecedented. In
an studies involving adaptation of bacteriophages to high temperatures, attempts to track
mutations by direct sequencing (Bollback and Huelsenbeck, 2007). These authors sought to
create temperature resistant phage by passaging them at progressively higher growth
temperatures. The authors did not attempt to sequence the population as it evolved, instead they
sequenced five clones following every ten passages. Their analysis revealed beneficial mutations
and provided physical evidence of hitchhiking, but because they only examined a limited number
of clones and missed everything between the samples, they could not say anything of the
regularity of the events they report or how these events impact the overall process of adaptation.
The combined use of sequencing and TaqMAMA allows an investigator to obtain an extremely
high resolution view of how an allele behaves in relation to all other alleles in the population.
Combining different TaqMAMA results obtained for different alleles in the same population
enables an investigator to infer how one allele influences another. To my knowledge no other
experimental technique with similar capability is available for the study of adaptive evolution.
The only drawback of the TaqMAMA protocol (if you can call it a drawback) is the
requirement that you know the sequences of the polymorphic allele and the wild type gene.
Whereas, the population sequencing does not require any prior knowledge about the genetic
changes that exist in a population, TaqMAMA requires prior knowledge of the sequences of
interest. In our study, the ultra-deep DNA sequence enabled the use of TaqMAMA to explore
evolutionary dynamics.
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6.4. Future Directions
To further elucidate the role of multiple alleles that could contribute to the IR resistance
of CB1000 sub-lineage and CB1024 sub-lineage, mutant studies are required. The systematic
transfer of narrowed candidates in CB1000 such as ClpP, DinI, PotD, YdcS and DdpF could
confirm the role of these candidates if any. Similarly, the DnaB polymorphism present in
CB1024 has to be studied. In addition, there may be other alleles not present in the three sublineages of IR-1 population that could contribute for IR resistance of the evolved final
population. The unique alleles identified at higher levels (more than 10%) by ultra-deep
sequencing of final population would serve as a starting point. The construction of different
combination of mutants could also help to understand evolutionary dynamics such as clonal
interference. Studies are also required to identify the mechanisms behind other lineages
independently created during evolution studies.
6.5. Concluding Thoughts
Adaptive laboratory evolution (ALE) has become an important tool in the field of
metabolic engineering, being used to develop mutant strains that improve yields of desired
products. The combined analysis of sequences from these ALE generated strains indicated that
SNPs were most common type of mutation, accounting for 61% of total mutations (Portnoy et
al., 2011). ALE has created mutants to enhance production of ethanol (Wang et al., 2011),
isobutanol (Atsumi et al., 2010) or organic acids (Kwon et al., 2011). The technique has
improved utilization of iron by Geobacter sulfurreducens, a bacterium known for its use in
bioremediation of ground water (Tremblay et al., 2011), and trained Streptomyces clavuligerus
cultures to tolerate methicillin resistant Staphylococcus aureus. The resulting S. clavuligerus
populations overproduced the antibiotic holomycin, as well as several unknown antibiotics
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(Charusanti et al., 2012), denoting ALE’s potential to provide insight into problems of great
biological importance.
In each of these examples, a few clones from the final population were isolated and
sequenced. The sequence data was used to infer the mechanisms involved, but as indicated by
my studies, it seems likely that the clones recovered represent only a part of the genetic diversity
in the population. The possibility that clonal interference suppresses clones, even clones with
superior adaptive capacity, is possibly the most significant take home message from my work.
As investigators using ALE proceed with their analysis of sequenced clones, they may be leaving
the best work of evolution on the “cutting room floor.” Given the potential significance of some
ALE studies, I would advocate that such studies follow a paradigm similar to what I describe
here. Investigators should obtain ultra-deep DNA sequence for the population that gave rise to
their clones for comparison with the genome sequence of their clones of interest. It seems the
only method for obtaining a complete representation of the breadth of possible solutions
available to a population as it adapts to a selective pressure.
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APPENDIX A: MATERIALS AND METHODS
A. Bacterial Strains and Plasmids
The bacterial strains and plasmids used in this study are listed in tables A.3. and A.4. All
strains were grown in Luria-Bertani (LB) broth (1% tryptone, 1% NaCl and 0.5% yeast extract)
or on LB plates (1.5% Agar) at 370C unless stated. The E. coli cultures carrying the red helper
plasmid (pKD46) were grown at 300C. For the preparation of competent cells of E. coli carrying
the Red helper plasmid, the cultures were grown in SOB medium (2% tryptone, 0.5% yeast
extract, 0.05% NaCl, 2.5mM KCl and 10mM MgCl2) with ampicillin and 10mM L-arabinose.
The transformants were selected in SOC medium (SOB medium with 20mM glucose). The
antibiotics ampicillin (Am), chloramphenicol (Cm) and kanamycin (Kn) were added to final
concentration of 100 µg/ml, 25 µg/ml and 50µg/ml respectively whenever required. The cultures
were suspended in M9 minimal medium during irradiation experiments. The composition of
minimal medium ( 1 liter) is as follows: 12.8 g Na2HPO4.7H2O, 3 g KH2PO4, 0.5 g NaCl, 1.0 g
NH4Cl, 0.2 % (V/V) glucose, 1mM MgS04 and 100µM CaCl2 (Sambrook and Russell, 2001).
B. Plasmid Isolation
Plasmids were isolated using the QIAGEN Miniprep kit (QIAGEN Inc., Valencia, CA)
or an alkaline lysis procedure (Sambrook and Russell, 2001).
C. Chromosomal DNA Isolation
The overnight cultures (1.5 ml) were taken for chromosomal DNA isolation using
GenEluteTM Bacterial Genomic DNA kit (Sigma-Aldrich, St. Louis, MO).
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D. Population Sequencing
Genomic DNA was isolated from the populations IR-1-11, IR-1-13, IR-1-17 and IR-1-20.
The purity of the DNA was checked by A260/280. The genome sequencing of the population and
analysis was done as described earlier (Harris et al., 2009).
E. TaqMAMA Assay
TaqMAMA assay was done using either Taqman probe or SYBR Green as the detector.
For each of the allele to be tested, two types of forward primers and a common reverse primer
were designed according to the earlier studies describing the sensitivity of the mismatches (Li et
al., 2004) and sequences of the primers are given in tables A.4 to A.7. The reactions were
conducted in a 96-well format using an ABI prism 7000 sequence detection system. Three
threshold cycle (Ct) values was obtained for each allele using a range of bacterial DNA quantity
equivalent of 3000, 30000, 300000, 400000, 500000 and 600000 copies of founder DNA and
wild forward primer. A standard curve was obtained when the log scale copy numbers plotted
against the average of the three Ct values using the Microsoft Excel spreadsheet. An example of
such curve is given by figure A.1. Similar standard curves were created for all the alleles studied
with TaqMAMA.
Three Ct values were obtained for each allele using wild or mutant forward primer and
reverse primer in each of the genomic DNA sample amounting to approximately 300,000 copies.
The average of the Ct value was used to calculate average copy number from the equation given
by the graph (substituting for x).
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Figure A.1. The standard curve for recA (D276A) mutation. The log copy number is the log of
the copy numbers of genome used in the QPCR and the Ct value is average of three Ct values
obtained independently. The equation indicated above the line is used to calculate the copy
number (y value) at a given Ct value (x value)
E.1. TaqMAMA Assay using Taqman Probe
The reactions were set with 25 µl TaqMan® Universal master mix, 900 nM of each
forward and reverse primer and 250 nM probe in 50 μl final volume. The temperature and times
of analysis of the reaction mixture were the initial steps of 500C for 2 minutes, 950C for 10
minutes followed by amplification steps for 40 cycles at 950C for 15 seconds, 600C for 1 minute.
E.2. TaqMAMA Assay using SYBR green
The reactions were set in 50 µl volume containing 25 µl SYBR Green PCR master mix,
50 nM forward primer and reverse primers. The temperature and time conditions were similar to
above except the addition of dissociation stage of 950C for 15 seconds, 600C for 20 seconds and
950C for 15 seconds at the end of amplification.
E.3. Calculation of SNP Frequency
The quantity of wild type allele and SNP allele in genome equivalent of 300,000 copies
were calculated using different forward primer in different wells. The SNP frequency for each
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cycle of evolution was calculated by dividing the SNP copy number by the sum of SNP copy
number plus wild type allele copy number.
E.4. Comparison between TaqMan Probe and SYBR green in Real Time PCR Analysis
In order to quantify the efficiency of SYBR green to detect amplification in MAMA
assay, we compared the data collected using TaqMan probe to SYBR green (Table A.1.). As
seen in table, the level of mutant allelic percentage detected by SYBR green and TaqMan probe
is nearly same suggesting that SYBR green can be used in place of TaqMan for TaqMAMA
assay.
Table A.1. Comparison of mutant allelic percentage detected by Taqman probe and SYBR green
Polymorphism
Population cycle
Mutant allelic
Mutant allelic
percentage detected by percentage detected
TaqMan probe
by SYBR green
RecA D276A
13
1.72
2.433
17
51.845
51.234
20
43.725
41.788
RecA A289S
13
5.75
4.651
17
7.228
5.811
20
27.76
29.271

E.4. Sensitivity of TaqMAMA Assay
To test the sensitivity of the TaqMAMA assay, different quantities of the Founder and
CB1014, a strain that has nucleotide change (T to G) in recA position 2820962, were mixed and
their combined genomic DNA were isolated.

The fraction of the recA allele present was

determined using the TaqMAMA assay. (Tables A.2). As seen in the table, the mutant allele can
be detected in presence of 1000 fold excess of wild type DNA (sample S5 in table A.2.).
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Table A.2. Detection sensitivity of mutant allelic primers for detecting T to G transversion in
recA allele position 2820962.
Quantity of
Approximate Approximate Mutant
Sample
Quantity of
CB1014
final ratio of percentage of allelic
Founder
9
9
(1.21X10 cells
CB1014 to
(1.19 X10
CB1014 in
percentage
cells /ml)
/ml)/ Sample
Founder
the final
detected
culture
S1
1350 µl
150 µl of CB1014
1:10
10
12.845
S2
1470 µl
30 µl of CB1014
1:50
2
2.104
S3
1480 µl
20 µl of CB1014
1:75
1.333
1.236
S4
1350 µl
150 µl of S1
1:100
1
1.278
S5
1350 µl
150 µl of S4
1:1000
0.1
0.086
S6
1350 µl
150 µl of S5
1:10000
0.01
0.012
Control 1 1500 µl
No
0
0
0.009
Control 2 ----------1500 µl of CB1014 1:0
100
99.615

F. Construction of Mutants
The mutants were initially generated using modified Wanner method (Datsenko and
Wanner, 2000) and mutant allele was transferred within the strains using P1 transduction (Miller,
1972).
F.1. Construction of Point Mutants using Modified Wanner Method
F.1.1. Generation of the PCR Product
The mutant allele of a gene was PCR amplified using the primers described in table A.6.
The PCR product was gel purified and cloned into the pET45b (+) vector using the restriction
enzymes BamHI and XhoI. The resulting plasmid was digested with restriction enzyme XhoI and
used for cloning the FRT-Kn-FRT cassette amplified from the plasmid pKD4 also cut with same
XhoI enzyme. The cloned plasmid having mutant allele along with FRT-Kn-FRT cassette was
used to generate the final PCR product. The final PCR product was obtained using forward
primer designed to amplify 20 bases upstream of a gene of interest along with the reverse primer
designed to amplify 40 bases downstream of the gene of interest along with 17 bases of the pET
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vector 30 bases downstream of FRT-Kn-FRT cassette (Fig. A.2). The final PCR product gel
purified, digested with DpnI enzyme and again gel purified and used in transformation.

Upstream

Mutant

FRT Antibiotic resistance FRT

Downstream

Figure A.2. Picture depicting the PCR gene product used for transformation in creating the
mutant with the specific alleles. The PCR product contained 20 bases upstream of a gene and 40
bases downstream of a gene. It also includes the mutant allele variation of the gene of interest
followed by antibiotic cassette coding for kanamycin resistance flanked by FRT sites at the ends.
F.1.2. Preparation of Competent Cells
The required host cell was first transformed with Red helper plasmid, pKD46 that aids in
transformation with linear PCR product. The transformed strain was grown overnight in SOB
medium with ampicillin (100 µg/ml) and 1mM L-arabionse at 300C. The overnight culture was
sub-cultured into the fresh SOB medium with 10mM L-arabionse at ratio of 1:100 and grown for
the exponential phase (O.D. 0.4-0.6). The cells were then pelleted, washed three times with icecold water, twice with half volume of ice-cold 10% glycerol and finally in 1/50 volume of icecold 10% glycerol. The cell concentration was finally adjusted to have concentration of 2X1010
to 3X1010 cells/ml and was used for electroporation. The electro competent cells were stored at
-800C.
F.1.3. Electroporation and Generation of the Mutants
The 50µl electrocompetent cells as added with 10-100ng of PCR product and transferred
into the pre-chilled cuvette. Electroporation was carried out using Eppendorf 2510 electroporater
apparatus (Eppendorf North America Inc, USA) at 1,800 V. The cells were added with SOC
medium and grown at 300C for one hour and then transformants were selected in LB plates with
kanamycin (50µg/ml) at 370C.
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F.2. Construction of Mutants using P1 Transduction
The list of donors and recipients used in the P1 transduction along with the strains
generated are given in table A.9. All the donor strains had the kanamycin cassette linked to the
gene of interest that is transferred to the recipient enabling selection with P1 transduction. The
P1 transduction was done according to earlier publications (Miller, 1992). The KnR donor strains
were grown overnight and subcultured at 1:100 ratio in LB medium with 0.2% glucose and 5mM
CaCl2. The P1 lysates (approximately 1010 pfu/ml) were added to subcultures after 30 minutes of
growth at 370C, and grown till the bacterial cells lyse. The recipient cells were added with
different volumes of donor P1 lysates, incubated at 370C for 20 minutes and then transformants
were selected on LB plates with kanamycin (50µg/ml) and 4mM sodium citrate at 370C.
F.3. Confirmation of the Mutants
The transformants obtained through modified Wanner method or P1 transduction were
verified using the TaqMAMA assay. The controls were the founder and strain carrying the
particular mutation for wild type primer and mutant primer respectively. The confirmed mutants
have near 100% mutant allelic percentage and almost nil wild type alleles.
F.4. Removal of Antibiotic Cassette
The mutants were transformed with pCP20 plasmid and CmR transformants were selected
at 300C in LB plates with chloramphenicol (25µg/ml). The pCP20 has temperature sensitive
replication and expresses FLP recombinase which helps in excision of kanamycin cassette. The
transformants selected at 300C were grown at 430C and then tested for the loss of all antibiotic
resistance. The second mutation was constructed into the strain showing the loss of kanamycin
cassette.
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G. Survival Curve
The exponential phase of cultures (O.D. 0.6-0.8) were pelleted, washed and re-suspended
in M9 minimal medium. The cultures were exposed to different doses of irradiation using a
Model 484R 60CO irradiator (J.LL Shepherd & Associates, San Fernando, CA) at dose rate of 6.3
Gy/minute. Irradiated cultures were serially diluted, plated in LB plates and scored after 24
hours. Survival curve was plotted and analyzed using SigmaPlot software version 9.0.

Table A.3. E. coli strains used in this study
Strains
Genotype/Description
Founder
A single colony isolate of E.
coli MG1655
CB1000
A single colony isolate from
final evolved population
CB1012
As above
CB1013
As above
CB1014
As above
CB1015
As above
CB1024
As above
CB1025
As above
CB2000
As above
CB3000
As above
CB4000
As above
EAW77
E. coli MG1655 ∆e14
EAW110
E. coli MG1655 but position
4599105 G to A change
(dnaT R145C)
JBMP3
Founder ∆e14
JBMP4
Founder but position 4599105
G to A change (dnaT R145C)
JBMR2
Founder but position 2820924
C to A change (recA A289S)
JBMR3
Founder but position 2820962
T to G change (recA D276A)
JBM5
Founder but position 489549
A to G change (priC L162P)
JBMK1
JBMR3 ∆e14
JBMK2
JBMR2 ∆e14
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References
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)
(Harris et al., 2009)

This study
This study
This study
This study
This study
This study
This study

Table A.3. cont.
Strains
JBMK3
JBMK4
JBMK7

Genotype/Description
JBMR3 but position 4599105
G to A change (dnaT R145C)
JBMR2 but position 4599105
G to A change (dnaT R145C)
JBMK1 but position 4599105
G to A change (dnaT R145C)

Table A.4. Plasmids used in this study
Plasmids
Genotype/Description
pET 45b(+)
Cloning expression vector
pKD46
λ Red recombinase system, AmR
pKD4

References
This study
This study
This study

References
Novagen
(Datsenko and Wanner,
2000)
(Datsenko and Wanner,
2000)
(Datsenko and Wanner,
2000)

Template plasmid for FRT-Kn-FRT cassette,
KnR
pCP20
Temperature sensitive replication, thermal
induction of FLP recombinase synthesis, AmR
and Cm R
pRecA2
pET45b(+) with recA position 2820924 C to A
This study
change inserted between BamHI and XhoI sites
kRecA2
pRecA2 with FRT-Kn-FRT cassette inserted into This study
the XhoI site
pRecA3
pET45b(+) with recA position 2820962 T to G
This study
change inserted between BamHI and XhoI sites
kRecA3
pRecA3 with FRT-Kn-FRT cassette inserted into This study
the XhoI site
pPriC
pET45b(+) with priC position 489549 A to G
This study
change inserted between BamHI and XhoI sites
kPriC
pPriC with FRT-Kn-FRT cassette inserted into
This study
the XhoI site
All plasmids were propagated in DH5α cells. AmR, CmR and KnR denote ampicillin,
chloramphenicol and kanamycin resistance respectively. Position numbers are those assigned to
E. coli MG1655.
Table A.5. Strains created by P1 transduction
Strain created
JBM P3
JBM P4
JBM K1
JBM K2

Donor
EAW77
EAW110
EAW77
EAW77

Recipient
Founder
Founder
JBM R3
JBM R2

110

Table A.5. cont.
Strain created
JBM K3
JBM K4
JBM K7

Donor
EAW 110
EAW110
EAW110

Recipient
JBM R3
JBM R2
JBM K1

111

112

Table A.6. The primers used in TaqMAMA using TaqMan probe as detector. The polymorphism column represents the change
resulting from the point mutation. The position numbers are those assigned to E. coli MG1655 and genetic change at the particular
position is given with it. The wild forward primers and the reverse primer along with the TaqMan probe were used to calculate wild
copy number. Similarly, the mutant forward primer and reverse primer along with the TaqMan probe were used to calculate mutant
copy number. All the probes had reporter 6-carboxyfluorescein (6-FAM) at 5’ end and Minor Grove Binding Non fluorescent
Quencher (MGB-NFQ) at 3’end.
Sl.
Polymorphism Allelic position
Primer name
Primer sequence (5’-3’)
No
and change
YaaA G115S
6114
Wild Forward
TGCGAATGCTTTCCGGCTTGTACG
1
C-T
Wild Mutant
TTTGCGAATGCTTTCCGGCTTGTACA
Reverse
GTTCAGCTTGTTGGTGATGATATCTCC
Probe
TCCGTCTTGAGAATGCCCGAGGGAAAGATCTG
FtsW E34G
98506
Wild Forward
TACTTCTCTTGACCCGGATATGAACG
2
A-G
Wild Mutant
GTACTTCTCTTGACCCGGATATGAACA
Reverse
CATCACTGGCTGCTGAACCTGC
Probe
TTGCGACAGGTATCGGCATGGACAAACGTCCTG
FtsW M268V
99207
Wild Forward
CGGCTATCAGTTAACGCAATCGCTAA
3
A-G
Wild Mutant
GGCTATCAGTTAACGCAATCGCTAG
Reverse
CCAGTTCTTCGCCGATAATGGC
Probe
TCGCGGCGAACTTTGGGGGCAAGGTTTAGG
FtsZ D303N
106214
Wild Forward
TACTTCTCTTGACCCGGATATGAACG
4
G-A
Wild Mutant
GTACTTCTCTTGACCCGGATATGAACA
Reverse
CATCACTGGCTGCTGAACCTGC
Probe
TTGCGACAGGTATCGGCATGGACAAACGTCCTG
HofB T223T
116428
Wild Forward
ACTGGTGCTGGTAACTGGCCCTATC
5
G-A
Wild Mutant
ACTGGTGCTGGTAACTGGCCCTATT
Reverse
ATCTCAACTGGATCTTCGACGCTAC
Probe
ACGGTCACGCTTTATAGTGCCCTGCAAAAGC

Allelic position
and change
198849
A to G

261858
T-C

457803
A-G

633092
C-T

841636
C-T

927416
C-T

Polymorphism

YaeT I307V

ProA F337L

ClpX Y384C

YbdL T94I

RlmF P27S

CydC D334N

Sl.
No
6

7

8

9

10

11

Table A.6. cont.

Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe

Primer name

113

CCAAAGTGACCAAGATGGAAGATGAAA
CCAAAGTGACCAAGATGGAAGATGAAG
ACGTAATTTAACGGTTTTGTCGGCATCG
TCGGTCGCTATGGTTATGCCTATCCGCGCGTAC
CCACTTCCGCACCCAGACCACA
CACTTCCGCACCCAGACCACG
GCGATCCTGACCCGCGATATGC
TAGAGGCGTTAACGTAAACAGCGGACGAATCC
CGTCTTCCATGGACGGCAGATCAT
GTCTTCCATGGACGGCAGATCAC
AGGCGCTGGATGCTATCGCTAAG
AGCAGTGCGGCTTCTACGATGGAACGCAG
ACCAGATGCCGATAGCGATATCCC
ACCAGATGCCGATAGCGATATCCT
GCGTAACTGTCATAGCTGGGATC
ACGGAAGCGTTATACGCGGCGATTACCGCAC
GCCACGCTTTGTCAGGTCAACC
TCGCCACGCTTTGTCAGGTCAACT
GCAACGCCTTATTGAGCGCCTTC
CACCCGCCGGGGAGCAAAGCGTAG
CCTGATACCCAAACTCGTGTTGCAG
CCTGATACCCAAACTCGTGTTGCAA
TCGCCCGAGAATCGCTATATGTTCC
ACGTTACGGGATGTTCAGTTCACTTATCCGGAGC

Primer sequence (5’-3’)

Allelic position
and change
1413629
G-A

1510249
T-C

1555689
A-G

1637502
A-C

1663526
C-T

1855594
G-A

Polymorphism

RecE D593D

YdcS I190T

YddO L124S

YdfP V16G

YnfJ A62V

YdjI S66L

Sl.
No
12

13

14

15

16

17

Table A.6. cont.

Wild Forward
Wild Mutant
Reverse
Probe

Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe

Primer name
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TGAAGATTTCTCTCACATGATGGTACC
TTGAAGATTTCTCTCACATGATGGTACT
GAATTCATACCATGAGTCCAGGCG
ACGGTGCCGGTAATAACTCATTGGGATCATGGTC

CGAAATTCCGTAATAAATACCTGGCTCTACG
CGAAATTCCGTAATAAATACCTGGCTCTACA
AGGCGCTGAACATCCGCACAATG
TACGGGATCTGCGACTTCGCCAGTTTCATCAC
CAGGCTTATGATGGCCCTATCTATCT
AGGCTTATGATGGCCCTATCTATCC
AGCACCGCCTGGTACTGTTCTTC
CACTCAGCCGCAGTTGGGCATCAGCGATC
CGAGCGTTGGCAGAGGAGCT
GAGCGTTGGCAGAGGAGCC
AGTGCTCTGGCAATGGCGATACG
TCCGGAGTATCTCGACCGCCTGCCTCATGC
GATTTTTCTCGTGTTGTCAGGATTTATCAT
GATTTTTCTCGTGTTGTCAGGATTTATCAG
TCGCCCCTGTTCAATTATTCGAGC
ATGGGCGGAACGTGATGCTGCCGCATTATCAC
CCCATCAGCAACAAACCCGCAG
GCCCATCAGCAACAAACCCGCAA
ACTCCGGCAGTCTGGTCAATGC
AGCGCCGGAGTTAGCAACCGTCGCCAG

Primer sequence (5’-3’)

Allelic position
and change
1873502
A-G

1943223
T-C

1943323
C-A

2058107
G-A

2207944
G-A

2780582
G-A

Polymorphism

YeaM S32S

RuvB D52G

RuvB D19Y

Cbl Q227*

YehQ’ D274N

YpjA T55I

Sl.
No
18

19

20

21

22

23

Table A.6. cont.

Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe

Primer name
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CGCCGGAACGGATGAGTTAACCAAT
GCCGGAACGGATGAGTTAACCAAC
CGCATATTGTGGCGGCACCATC
ACCGCAAAGGACAGCTGATACTGGCGCTAC
ACCAAAAATCAACAAATGATCGAGGGCCT
CAAAAATCAACAAATGATCGAGGGCCC
CGCCATTCGCCCCAAATTACTG
TCTCCATCTGTGAACGAACCTGCGGCTGACC
CACTTTGCCGGAAGATGTAGCCG
ACCACTTTGCCGGAAGATGTAGCCT
CGCGCAGTTTCGCTGCTTTGATG
CTGGAAGAGTATGTTGGTCAGCCGCAGGTTCG
GCCAGACATAGTTACGCTGAAGTCG
GCCAGACATAGTTACGCTGAAGTCA
TTGGGCTTGGGATCGGATTAGTTGC
ATGCCGCGTATCCAGGCGGATTAAATTCTCTTCC
AACTGCGCGCCAGCGTCG
CAACTGCGCGCCAGCGTCA
CGCCGGGCCATCTCTTGTG
CAGCCACTATAATGCCGGAGAATGCTTACATCAGC
CAAAAAGTGGATGAACGAGGTACACC
CCAAAAAGTGGATGAACGAGGTACACT
TATGACTTCCTATATCTTGATATCCACCAG
TCAACCATGGCCAGCAGAATGTTCATGGC

Primer sequence (5’-3’)

Allelic position
and change
2820924
C-A

2820962
T-G

2820963
C-T

2859530
C-T

2953341
T-C

2992757
A-G

Polymorphism

RecA A289S

RecA D276A

RecA D276N

YgbJ R26C

RecB I228V

YgeK’ S119P

Sl.
No
24

25

26

27

28

29

Table A.6. cont.

Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe

Primer name

116

TTCTCACCTTTGTAGCTGTACCACAC
TCTTCTCACCTTTGTAGCTGTACCACAA
GCTGCGCCGTTTAAACAGGCTG
TCGCCGTAGAAGTTGATACCTTCGCCGTAGAGGA
GATCAGCTTCTCTTTTACGCCCAGAT
ATCAGCTTCTCTTTTACGCCCAGAG
AACCCGCGTGAAAGTGGTGAAGAAC
ACCTTCGCCGTAGAGGATCTGGAATTCAGCCTG
ATCAACTTCTACGGCGAACTGGTCG
ATCAACTTCTACGGCGAACTGGTCA
ACCGATCTTCTCACCTTTGTAGCTG
CTGGGCGTAAAAGAGAAGCTGATCGAGAAAGCAG
TGGGAGCAGCACTGTCATATGTAC
TGGGAGCAGCACTGTCATATGTAT
CGTCGCGGCGTTATCAGAAACC
ACCTGAACAGCAATGCCTGCGCTACGTTGAAAG
GCCACTGCTGTTTTACCGTATCACT
GCCACTGCTGTTTTACCGTATCACC
AGGCGTTGCTGCGCGATATTAATCG
TTGCGCGTGACGGGAAGCCAGCGTTTCATC
GGCGAAACTAAATCGTGCTATTGACT
GCGAAACTAAATCGTGCTATTGACC
CTTTGTTTGTTTTACCATCAGCTATGAG
CAGGTATTCCTCTGATAATCAACTTACAAATCGTGAG

Primer sequence (5’-3’)

Allelic position
and change
3209547
G-A

3825922
A-G

4086862
A-G

4123174
C-T

4159346
G-A

4262560
T-C

Polymorphism

DnaG R139H

GltS V225A

FrvR C338C

PriA V553I

FabR G66D

DnaB L74S

Sl.
No
30

31

32

33

34

35

Table A.6. cont.

Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe

Primer name

117

AACCTGTTGCCACGTCTGCGAG
AACCTGTTGCCACGTCTGCGAA
CCAAACCGCTTCAGGACGTTGTC
AAGCCACGAGGTTATCGCTCGCTTTGCGATTGG
CTTCGTCTGTGTACTGTTTGTTGGCAT
CTTCGTCTGTGTACTGTTTGTTGGCAC
CATCAACGCCATCGCCAGGAACAAC
TCTTTGAGCGTGCGGTATCCGTGCTGGGTAAC
GCGATCTGATCGGTTTGTATTTTGCCTAT
CGATCTGATCGGTTTGTATTTTGCCTAC
ATCGCGCTCAATGGCGAGCTG
CAGCCGATCATTTTGCTCTCGGACCAGAACG
CCATTTCCCGGATGTGACGCTAG
CACCATTTCCCGGATGTGACGCTAA
GCGACCTGGGTGTAAAGCTGAG
ACGTGGACGGCGCGCTGTTTTCTGCCGA
GTCTGACCATGGTTGATGAGAGCAG
GTCTGACCATGGTTGATGAGAGCAA
TGTGGAGACCGAGGTGCGGATC
TCATGCGCCAGGCGCGTCAGCGTATC
TCATATCTTTACTGAAATGGCGCGTCT
ATATCTTTACTGAAATGGCGCGTCC
ATAAGCAAAACCACCGACGCTATCG
TCGATCTGATTACTCTTGCGGAATCGCTGGAACG

Primer sequence (5’-3’)

4474024

DnaB D80H

YjgL N188D

YjgL D523G

37

38

Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Probe

Primer name

TCCGCAAGAGTAATCAGATCGATCG
GATTCCGCAAGAGTAATCAGATCGATCT
TGTAGCCGAGCGTGTGGTAGC
ACGCGCCATTTCAGTAAAGATATGACGGTGTGG
TCTGTAGATTATTTAACTCCTGACT
TCTGTAGATTATTTAACTCCTGACC
AACCGTTATGAAGGGAAGTCCTTTG
AGCTTCACTTTGGTAACACGCCAGAACCTTGTTAG
CTTTATTAGATTCCTTATCATTATCATTTAACT
CTTTATTAGATTCCTTATCATTATCATTTAACC
TGAAGTACCTGTCAGCATTTTAGTG
TCACCCTCATAACTCTTAAGTAACTGAGGGAAGTACC

Primer sequence (5’-3’)

118

Table A.7. The primers used in TaqMAMA using SYBR Green as detector. The polymorphism column represents the change
resulting from the point mutation. The position numbers are those assigned to E. coli MG1655 and genetic change at the particular
position is given with it. The wild forward primers and the reverse primer were used to calculate wild copy number. Similarly, the
mutant forward primer and reverse primer were used to calculate mutant copy number. Both of these reactions used SYBR Green as
the signal detected by the system.
Sl.
Polymorphism
Allelic position and change Primer name
Primer sequence (5’-3’)
No
1
AraB V265M
69253 C-T
Wild Forward
GTCTCGGCCTGCCTGAAAGAG
Mutant Forward
CGTCTCGGCCTGCCTGAAAGTA
Reverse
GAATGTCGCAGGTGGAAGTACCG

4475030
A-G

A-G

Allelic position
and change
4262578
C-A

Polymorphism

Sl.
No
36

Table A.6. cont.

306927 C-T

YagX D543N

YlbE’ K85E

FolD R196C

YbhJ L53I

FsaA G112S

Gmr Q551*

TtcA R23C

YbdL Q66R

3

4

5

6

7

8

9

10

1444103 A-G

1409903 G-A

1343113 G-A

863201 G-A

802885 C-A

556376 G-A

547836 ---G

CTATGTTTTCTTCTCGAGCAACTTCTTTAATC
CTATGTTTTCTTCTCGAGCAACTTCTTTAATG
ATACCAGCCAGACTCCGGTGATG
GGTATTCAGCGCTATAACAACGGTG
CGGTATTCAGCGCTATAACAACGGTA
TGCCATGGTGTAGCCGTTTTGATGAG
GCTGGCAATACTGGAGCAGGGTA
CTGGCAATACTGGAGCAGGGAG
GTTGCCGTCGGTCACGTTCTC
TGACTCACCGCTTCACTAAAAATCTCC
TGACTCACCGCTTCACTAAAAATCTCT
TCCAGACGGTTGATGCCGACATC
TCGCATAATACGTCCGGAAATATGGATAAGC
TCGCATAATACGTCCGGAAATATGGATAAGA
ACGGCGCAGAGTGAGTTATGGC
AGAATCTCCAGCATGGTATAGCTGTC
GCTGGGAACCGCGGTATAGG
ACGCTGGGAACCGCGGTATACA
TCAATAACTGGTGTAAGTCGGTCACAG
TGGCACTGTCTGTTATTCAACAATTTAGAC
TGGCACTGTCTGTTATTCAACAATTTAGGT
ACCTGGTCAAGTTTGATGGCATCGATC
CTGAACAAATTACAAAAACGTCTGCGGC
CCTGAACAAATTACAAAAACGTCTGCGGT
AGAATCTCCAGCATGGTATAGCTGTC
TGCCGAACGTAAAGCGAGTTACCAATA
TGCCGAACGTAAAGCGAGTTACCAATG
GCACCCATTTACCGTTTATCCCTTG

305033 G-C
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Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse

Primer sequence (5’-3’)

Allelic position and change Primer name

Table A.7. cont.
Sl.
Polymorphism
No
2
YagW Q336E

RpmI T33A

YeaJ V164I

YebN G24D

YehX S35P

YejH G171D

NuoC H261N

PdxB D321N

MnmC Y427H

12

13

14

15

16

17

18

19

2441067 T-C

2434910 C-T

2401084 G-T

2279168 G-A

2215324 A-G

1903785 G-A

1870557 G-A

1797924 T-C

1681401 A-G

RstB K165E

120

Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse

Allelic position and change Primer name

Polymorphism

Sl.
No
11

Table A.7. cont.

GTCCGCACTGGCAGGATATGTTCA
GTCCGCACTGGCAGGATATGTTTG
TCCGCCATCTGGTTAAATGCGACG
CACGCTAACCTGCGTCACATTCTCA
ACGCTAACCTGCGTCACATTCTCG
GTACGGCAGGCACGCGATTAC
TATCTCGATCTCAATGACCGCTAGG
CTATTATCTCGATCTCAATGACCGCTACA
ATCTTTGCGATCGATGCCAATACTTCC
TGCATTTGCTGCATCAATCGGTAAACG
TGCATTTGCTGCATCAATCGGTAAACA
AGGACAAACCGGCTGGCTAACATG
AGTTTTTCGGTGCTGATTGGCACCT
AGTTTTTCGGTGCTGATTGGCACTC
AGTACTGGCAGCGAGCGAATTTCTTC
AGTCACGGAAAAGGGCTTTCTCATCAC
AGTCACGGAAAAGGGCTTTCTCATCCT
AGTGAATCCCCACTTACGCCTGC
TGGGCGAACGCCAGTCCTGAC
ATGGGCGAACGCCAGTCCTGAA
CGGTGATCCCGGCCAGTTTCTC
CATTTGGTGTATGATGTGCGCCGAG
CATTTGGTGTATGATGTGCGCCGTA
AGATGACCATTCACGGCGCTCAAG
GCAACAGCAGGGTTTGCAGATTTAGT
CAACAGCAGGGTTTGCAGATTTAGC
ATCGGCTGATTTGATGCCCGTTCG

Primer sequence (5’-3’)

PurL G887S

HypF G319C

HycC Q109*

LysR P244S

TktA M631I

YrbC T186S

CysG I439V

YhhH V23I

21

22

23

24

25

26

27

28

3621491 G-A

3497167 A-G

3335355 T-A

3077762 C-T

2977775 C-T

2846936 G-A

2833488 A-G

2690904 C-T

2570543 G-A

EutD R328C
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Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse

Allelic position and change Primer name

Polymorphism

Sl.
No
20

Table A.7. cont.

TCAACCAGTGTTTGTAAACTGCTTTCGTG
TTCAACCAGTGTTTGTAAACTGCTTTCGTA
TGCCGTCGGGCCACTGATAC
TGGCGTATCACGACCGCTCTGAAG
TGGCGTATCACGACCGCTCTGAAA
ACAACGCCGCCAGGCGATCGT
ATCTCGCCACTTTCTGGCAGCACT
ATCTCGCCACTTTCTGGCAGCAAC
ACCAGCGTAGTGATACCACGCATC
CAGGTGAAGTGCAACGGCTTCC
GCAGGTGAAGTGCAACGGCTTCT
TGCTGTTGCTGGTGAGGAACACC
CGCATAATCTAGTGCGGTGAGCAG
CGCATAATCTAGTGCGGTGAGCCA
CAGTTGCTGGATCAGCTATTTACTGAAC
GAGCAGATTCACCGAAGGTGGAC
GAGCAGATTCACCGAAGGTGGAT
CGTGAATCCGTACTGCCGAAAGC
AGTCAGGCCGTCGATACCTTTGCT
AGTCAGGCCGTCGATACCTTTGCA
ACTCCCAGACGGGCAATTGGC
CAGGCCAACAACCCGACCAATACT
AGGCCAACAACCCGACCAATAGC
TGTCGAAAACGGTACGGCAGTCAC
TTAGGAACTGTGTCATTGTATCTTTGTTGG
GTTTAGGAACTGTGTCATTGTATCTTTGTTCA
ACCAAATTTCTAACGGTATATTTACCTTCAC

Primer sequence (5’-3’)

RbsR L91R

WzxE P188S

YijF Y144C

PflC E105Q

Alr H99Y

KptA F69L

LplA E20K

30

31

32

33

34

35

36

*- These polymorphisms result in stop codons

4622080 C-T

4559160 T-C

4264102 C-T

4144596 G-C

4135247 T-C

3974865 C-T

3936524 T-G

3660175 C-T

MdtF A579V

122

Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse
Wild Forward
Mutant Forward
Reverse

Allelic position and change Primer name

Polymorphism

Sl.
No
29

Table A.7. cont.

CGCGCAGTTACCTTCCGGTAC
ACCGCGCAGTTACCTTCCGGTAT
CCAACGGTAAACACCGACTGGAC
AGCTGCTTCGAACGCGGTTATAGTAT
AGCTGCTTCGAACGCGGTTATAGTAG
TCACGCGAAGGTTGATGCGTTTCG
ACGTTTGATCAACATGATGGCGGCAAG
ACGTTTGATCAACATGATGGCGGCACA
TCGCTGATTGTCGGCAGCTTGATTG
ACCAGCAAGAACCCCAGTGACCA
CAGCAAGAACCCCAGTGACGG
TGTATCACCAGCGGCGTACCGT
AGCCTTGACGCTCTGGAACGAG
AGCCTTGACGCTCTGGAACGAC
ACGGGTAGCAAACTCCGCCTGC
GCAGCCAGCTGTTCTTCGTTAGG
CGCAGCCAGCTGTTCTTCGTTACA
GGAATCACCAAACCTGTACTGTTACTCG
TGGTTGCCACCAGCGATAAAAAGCGAT
GTTGCCACCAGCGATAAAAAGCGAC
TGGTAGAGAAACTGTGGCGGTGT
CCGTGGTTTAACCTGGCGGTTG
CCGTGGTTTAACCTGGCGGTCA
TTCTGCGCGCGACCAATTACTACC

Primer sequence (5’-3’)

RimO reverse

Wild Forward
Wild Mutant
Reverse

123

GGAAATCTTCTTCTGTCTCGCCACG
GGAAATCTTCTTCTGTCTCGCCACA
AGCGTCCGGGTTCTGTAGATCG

Table A.8. The primers for the genes whose initial allelic percentage differed in TaqMAMA and population sequencing. The
polymorphism column represents the change resulting from the point mutation. The position numbers are those assigned to E. coli
MG1655 and genetic change at the particular position is given with it. Primers were initially designed for one strand. However, the
allelic percentage obtained from those primers differed from the population sequencing results. Therefore, primers were designed for
the complementary strand (indicated as reverse in second set of pairs). The wild forward primers and the reverse primer were used to
calculate wild copy number. Similarly, the mutant forward primer and reverse primer were used to calculate mutant copy number. The
reporter used is either TaqMan probe (indicated by * mark in the polymorphism column) or SYBR green.
Polymorphism
Allelic position
Primer name
Primer sequence (5’-3’)
and change
PriC L162P*
489549
Wild Forward
ACGCGCTAACCTGTTTTCGATTTTTTCAA
1
A-G
Wild Mutant
ACGCGCTAACCTGTTTTCGATTTTTTCAG
Reverse
AGATGGTTGCCGAACGCAGAGC
Probe
CGTGCCAGGCGCGCTTCATAGGCTTCCAC
PriC reverse
Wild Forward
CACGCTGCCGCCATGCGAT
Wild Mutant
ACGCTGCCGCCATGCGAC
Reverse
GACAGCCAGTTTGACATCGTCAGG
ClpP Y75C
456127
Wild Forward
GGAAAACCCAGAAAAAGATATCTATCTGCA
2
A-G
Wild Mutant
GGAAAACCCAGAAAAAGATATCTATCTGAG
Reverse
GTCAGCAAGAAAGCGCCCATCG
ClpP reverse
Wild Forward
ACCCCGCCTGGGGAGTTAATCT
Wild Mutant
ACCCCGCCTGGGGAGTTAATAC
Reverse
GTCATTTTTCTGACTGGCCAGGTTG
RimO
P308S*
876334
Wild
Forward
TACGCTCAACCTTTATTGTCGGCTTAC
3
G-A
Wild Mutant
CTACGCTCAACCTTTATTGTCGGCTTAT
Reverse
GCATTGGCGTCTGCACCTTCAAC
Probe
AGAAGCGCGTCTGGATCGCGTTGGCTGCT

7

6

5

4

YgfU reverse

YgfU K59E*

HyfB reverse

HyfB G319C

PotD reverse

PotD V86I

DinI reverse

DinI E57K

Polymorphism

Table A.8. cont.

3029566
A-G

2600797
G-T

1181794
C-T

Allelic position
and change
1120539
C-T
Wild Forward
Wild Mutant
Reverse
Wild Forward
Wild Mutant
Reverse
Wild Forward
Wild Mutant
Reverse
Wild Forward
Wild Mutant
Reverse
Wild Forward
Wild Mutant
Reverse
Wild Forward
Wild Mutant
Reverse
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse

Primer name

124

GAGAATTTCACTAATGCGCTGTTTATCTGC
GAGAATTTCACTAATGCGCTGTTTATCTGT
CTTTCCCGCCGTATTCAGTATGCG
GAGAATTTCACTAATGCGCTGTTTATCTAC
GGAGAATTTCACTAATGCGCTGTTTATCTAT
CTTTCCCGCCGTATTCAGTATGCG
TGATCTGGTGGTTCCTTCAACCTATTAAG
ATGATCTGGTGGTTCCTTCAACCTATTATA
ATTCGGGTCAAAAGGCTTGTTGAGC
GATCATCCCTTCTTTACGCATTTTATCATC
GATCATCCCTTCTTTACGCATTTTATCACT
TTACGAGTCGAACGAAACCATGTACG
ACGTCGGCATTATTTTGCTGGCAGTAG
ACGTCGGCATTATTTTGCTGGCAGTGT
TGAACAGCGCATGGTTGAGCAGATG
AGACCGACCATCGCCACAGC
GACAGACCGACCATCGCCACAAA
CGCAATCTCCGCGCTCCTG
GACCGACTGGGCCTCTCCA
GACCGACTGGGCCTCTCCG
CCATAAAGCGGCCGATACCGATAC
ATGCTCATTAGCTCGGATCTCTTTTGCTGCGGGATC
AGCTAATGAGCATCGCAATAGCTTCTGT
CTAATGAGCATCGCAATAGCTTCTGC
AGGAAAGCTGATCATACTCGGTCTG

Primer sequence (5’-3’)

10

9

8

DnaT reverse

DnaT R145C*

RfaD reverse

RfaD S179N

NlpI reverse

NlpI P163P*

Polymorphism

Table A.8. cont.

4599105
G-A

3792548
G-A

Allelic position
and change
3306455
A-G
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse
Wild Forward
Wild Mutant
Reverse
Wild Forward
Wild Mutant
Reverse
Wild Forward
Wild Mutant
Reverse
Probe
Wild Forward
Wild Mutant
Reverse

Primer name

125

GCGTTTTATCAAGACGATCCCAATGATCAT
GCGTTTTATCAAGACGATCCCAATGATCAC
CAGGTAGAACTCGACAATGTTCCATC
TCGCCGAGCAGAAGCTCGATGAGAAGCAGGCTA
GAGATAAAGCCACAGACTACGGACA
GAGATAAAGCCACAGACTACGGATG
CGCACTTGAATCGCGGGATCG
TGGAAAGCGACGCTCGCCATCC
TGGAAAGCGACGCTCGCCATCT
ACTCAAAATTCCTGTTTGATGAATATGTTCGTC
CGCGTGAAGGCCATAAAGGCTG
CGCGTGAAGGCCATAAAGGCCA
CCACGTCGCCCACATAGACG
CACGACCGATTTGCAGGCTGAG
GCACGACCGATTTGCAGGCTGTA
TGGCGCTAAGAGAGCCGGTGAC
ACCTTCCGCCTGCCAGTAGGCAATGAATGAG
TGCAGTGGCAACAAAAACTGGCAC
TGCAGTGGCAACAAAAACTGGCCT
GAATCCTGGTGGAATTTGGCTGTC

Primer sequence (5’-3’)

126

Primer Sequence (5’-3’)
ATCTGACTCGAGATTCCGGGGATCCGTCGACC
ATCTGACTCGAGTGTAGGCTGGAGCTGCTTCG
ATCTTCGGATCCCATGGCTATCGACGAAAACAAACAGAAAGC
ATCTGACTCGAGTTAAAAATCTTCGTTAGTTTCTGCTACG
ATCTTCGGATCCCATGTTTCATCTCGATACTTTAGCAACGCT
ATCTGACTCGAGTTAACCGGCAAAAATCGGCAACATCAAATACAAC
ATCTTCGGATCCCGTGAAAACCGCCCTGCTGCTGGAAAAACTG
ATCTGACTCGAGCTAGCGGGTTAAACGCGCTAACCTGTTTTCG
CCGGCATGACAGGAGTAAAAATGGCTATCGACGAAAACAAACAG
AAGGGCCGCAGATGCGACCCTTGTGTATCAAACAAGACGACGAGTCCATGTGCTGGC
GCGGATACAAAGGAGTAACTATGTTTCATCTCGATACTTTAGCAACGCTTGTTGCC
TGTCTTTGTTGCGGCGGCACTTCTACCGCCGCTTCATCGGCGAGTCCATGTGCTGGC
CCGAATTTCAAGTCAGGATGATGCTATGCCCGTTGCCCACGTTGCCTTGCCCGTTCCGC
GAATATTGAATTTTTCGATCCGCCTCGCATCGTGAGCGGTCGAGTCCATGTGCTGGC
ATTTTCATTGAGGTCTTATCGTGAAAACCGCCCTGCTGCTGGAAAAACTGGA
CATCGTCAGGGGCATTTTCCAGTGACATATTCTCTCCATTGCGAGTCCATGTGCTGGC

The restriction sites are bolded in the above primers.

Primer Name
FRT Kn For
FRT Kn Rev
RecA For
RecA Rev
GltS For
GltS Rev
PriC For
PriC Rev
RecA FRT For
RecA FRT Rev
GltS FRT For
GltS FRT Rev
PriA FRT For
PriA FRT Rev
PriC FRT For
PriC FRT Rev

Table A.9. Primers used for creation of mutants

Taqman

Taqman

Taqman

Taqman

Taqman

Taqman

SYBR

SYBR

SYBR

SYBR

SYBR

YdcS I190T

YddO L124S

YaeT I307V

YnfJ A62V

YgbJ R26C

PriC L162P

HyfB G319C

PotD V86I

HypF G319C

LysR P244S

Signal

YbdL T94I

Polymorphism

Population/

0.013

0.312

0.120

0.006

0.100

0.166

0.121

0.111

0.055

1.652

1.242

Founder

0.016

0.432

0.131

0.027

0.102

0.202

0.086

0.075

0.088

1.582

1.148

5

0.019

0.322

0.072

0.003

0.230

0.132

0.042

0.086

0.028

1.873

2.125

10

0.015

0.384

0.113

0.007

0.102

0.167

0.117

0.102

0.086

1.462

1.036

11

0.018

0.356

0.097

0.044

0.130

0.786

0.191

0.286

0.035

1.064

1.330

12

127

0.029

0.334

0.145

0.021

0.165

0.984

0.052

0.090

0.074

1.521

1.187

13

0.103

0.349

0.282

0.279

0.420

1.234

0.177

0.290

0.198

1.466

1.103

14

0.402

1.328

1.343

2.106

1.397

1.691

1.096

1.915

1.136

3.426

3.323

15

0.87

2.029

2.965

2.700

1.957

3.24

1.955

3.223

1.780

6.036

4.614

16

2.692

5.022

7.309

5.313

4.292

4.299

4.122

6.160

3.781

8.781

7.930

17

3.056

4.38

4.504

4.597

3.439

5.345

2.531

6.109

2.887

7.698

6.322

18

19.892

27.742

24.426

19.502

13.208

16.804

20.489

24.971

14.706

25.980

23.973

19

18.489

24.116

18.821

23.030

14.301

20.783

18.212

22.589

15.214

25.323

21.504

20

98.634

99.838

99.838

99.826

98.929

99.814

99.804

99.174

99.872

99.804

99.348

CB1000

Table B.1. The quantification of mutant allelic frequency of polymorphisms seen in strain CB1000 by TaqMAMA assay. Genomic
DNA from all the archived populations was evaluated for changes in SNP frequency using the TaqMAMA assay. Genomic DNA
from strains that has mutations and the Founder served as positive and negative controls, respectively. The copy numbers of DNA
sequences containing the SNP and wild type base at a given position were determined separately by quantitative PCR. SNP frequency
for each cycle was calculated by dividing the SNP copy number by the sum of the SNP copy number plus copy number of sequences
containing the wild type base. Values are the average of SNP frequencies calculated after three independent experiments (n=3).
Position numbers are those assigned to E. coli MG1655.

APPENDIX B: ALLELIC FREQUENCY ESTIMATED BY TaqMAMA ASSAY IN EVOLVING POPULATIONS.

SYBR

SYBR

SYBR

SYBR

Taqman

PflC E105Q

ClpP Y75C

DinI E57K

RfaD S179N

YgfU K59E

0.037

2.328

0.022

0.228

0..004

0.072

Founder

0.0434

2.432

0.054

0.538

0.005

0.081

5

0.036

2.414

0.043

0.724

0.003

0.091

10

0.030

2.653

0.045

0.674

0.001

0.76

11

0.025

2.452

0.058

0.885

0.01

0.065

12

0.054

2.667

0.030

0.712

0.002

0.054

13

0.219

2.127

0.067

1.247

0.152

0.087

14

2.689

2.564

0.870

4.258

1.000

0.599

15

5.300

2.876

0.883

8.070

2.393

1.182

16

11.001

3.596

1.020

7.046

5.790

3.110

17

8.598

4.567

2.304

10.653

4.600

3.463

18

38.685

4.672

12.674

41.079

25.245

17.681

19

39.762

8.458

9.890

34.190

23.222

19.549

20

99.986

98.702

99.197

99.933

99.899

99.784

CB1000

RecA D276A

Polymorphism

Population/

Taqman

Signal

0.026

Founder

0.019

5

0.018

10

0.023

11

0.023

12

128

1.720

13

10.624

14

32.692

15

60.787

16

53.416

17

43.384

18

39.750

19

43.715

20

99.345

CB1014

Table B.2. The quantification of mutant allelic frequency of polymorphisms seen in strain CB1000 by TaqMAMA assay. Genomic
DNA from all the archived populations was evaluated for changes in SNP frequency using the TaqMAMA assay. Genomic DNA
from strains that has mutations and the Founder served as positive and negative controls, respectively. The copy numbers of DNA
sequences containing the SNP and wild type base at a given position were determined separately by quantitative PCR. SNP frequency
for each cycle was calculated by dividing the SNP copy number by the sum of the SNP copy number plus copy number of sequences
containing the wild type base. Values are the average of SNP frequencies calculated after three independent experiments (n=3).
Position numbers are those assigned to E. coli MG1655.

SYBR

Signal

TktA M631I

Polymorphism

Population/

Table B.1. cont.

Taqman

Taqman

Taqman

SYBR

SYBR

SYBR

SYBR

SYBR

HofB T223T

CydC D334N

FrvR C338C

YagW Q336E

YagX D543N

RimO P308S

NlpI P163P

DnaT R145C

0.807

0.120

0.012

0.020

0.390

1.304

0.101

1.331

0.238

Founder

0.944

0.131

0.021

0.093

0.603

1.453

0.108

1.525

0.268

5

1.202

0.072

0.024

0.082

0.502

1.687

0.092

1.424

0.225

10

0.822

0.140

0.014

0.011

0.268

1.356

0.103

1.291

0.271

11

1.04

0.140

0.027

0.092

0.621

1.431

0.130

1.086

0.203

12

3.16

1.080

0.469

0.076

0.697

1.765

0.370

2.835

1.416

13

13.046

7.634

2.943

0.796

4.842

1.675

0.934

7.421

7.442

14

39.329

28.665

12.693

3.477

14.023

2.452

4.884

24.810

30.807

15

66.867

52.454

28.440

8.493

27.203

3.654

14.866

45.427

62.767

16

55.373

47.375

30.860

7.045

25.451

7.543

12.844

40.246

52.451

17

50.814

37.102

19.711

6.743

20.509

11.542

4.565

30.806

40.768

18

35.681

32.293

8.281

6.512

15.291

10.542

6.372

18.147

37.268

19

46.748

17.322

14.857

9.259

16.204

7.652

4.670

18.644

35.902

20

98.892

99.467

99.766

99.836

99.994

98.783

99.846

98.125

99.645

CB1014

Population/
Polymorphism
RuvB D19Y

Founder
0.120

Signal

Taqman

0.229

5

0.177

10

0.162

11

0.125

12

129

0.095

13

0.092

14

0.161

15

0.241

16

1.082

17

4.480

18

9.786

19

26.462

20

Positive
control
99.173

Table B.3. The quantification of mutant allelic frequency of other polymorphisms seen in IR-1 series by TaqMAMA assay. Genomic
DNA from all the archived populations was evaluated for changes in SNP frequency using the TaqMAMA assay. Genomic DNA
from strains that has mutations and the Founder served as positive and negative controls, respectively. The copy numbers of DNA
sequences containing the SNP and wild type base at a given position were determined separately by quantitative PCR. SNP frequency
for each cycle was calculated by dividing the SNP copy number by the sum of the SNP copy number plus copy number of sequences
containing the wild type base. Values are the average of SNP frequencies calculated after three independent experiments (n=3).
Position numbers are those assigned to E. coli MG1655.

Taqman

Signal

Glts V225A

Polymorphism

Population/

Table B.2. cont.

Population/
Polymorphism
DnaB L74S
FtsW M268V
RecA A289S
YjgL D523G

Founder
1.044
0.935
0.048
0.098

Signal

Taqman
Taqman
Taqman
SYBR

Table B.3. cont.

1.079
1.268
0.044
0.087

5
1.040
1.485
0.053
0.069

10
1.226
1.161
0.102
0.056

11
1.015
1.015
0.346
0.098

12

130

1.639
1.208
5.750
0.095

13
0.878
2.044
22.367
0.943

14
1.363
5.474
13.341
0.131

15
1.473
7.927
8.303
4.211

16
3.375
10.652
7.228
3.568

17
9.385
12.729
15.673
10.357

18
20.674
17.168
27.760
14.628

19
3.969
28.868
7.096
24.652

20

Positive
control
99.347
99.761
99.345
99.169

VITA
Kathiresan Selvam was born in Namakkal, Tamil Nadu, India. He has one younger sister,
Kavitha.

Kathir attended high school at Sainik School, Coimbatore, India. He earned his

undergraduate degree, Bachelor of Veterinary Science (equivalent to Doctor of Veterinary
Medicine) at the Pondicherry University, India. He later got his master degree in Veterinary
Bacteriology from Indian Veterinary Research Institute, India in 2007. He received Junior
Research Fellowship from Government of India during his master program. He came to United
States in 2007 to begin his doctoral program under Dr. John R. Battista at Louisiana State
University. He is married to Dr. Smitha Sivapragasam and has a daughter, Kanishkha K. Selvam

131

